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Abstract

Abstract
Driven by demand for electric vehicles and grid-scale energy storage, a boom in lithiumion batteries is currently underway to provide energy storage at great scale. The resulting
sustained increased demand for lithium-ion battery raw materials may eventually make
alternative battery chemistries attractive. Sodium-ion batteries currently represent the
most mature such technology, although they remain far from market-ready. Much
fundamental research and materials development remains to be done to improve their
performance and understand their limitations. This thesis focuses on the development of
cathode and electrolyte materials, with an overall goal of gaining a better overview of the
materials available for sodium-ion batteries and a deeper understanding of their
electrochemical behavior. To start, a series of Prussian Blue analogues (metal
ferrocyanides) was studied, primarily focusing on sodium manganese ferrocyanide
(MnPB) and sodium nickel ferrocyanide (NiPB). These materials complement each other:
MnPB has a high capacity but poor electrochemical stability, while the opposite is true
for NiPB. A range of MnPB-NiPB composites with both homogeneous and
heterogeneous morphologies were prepared and characterized. Finally, the suitability of
a range of polyurethane-based polymers for sodium-conducting gels was studied. The
best-performing Prussian Blue material from the first part of the thesis was used as a
prototypical cathode material to assess the polyurethane’s aptitude as a gel-polymer
electrolyte for sodium-metal batteries.
The process to synthesize epitaxial Prussian Blue heterostructures exploited the unequal
binding strength of chelation agents towards nickel and manganese ions, which prevents
Ni2+ from reacting until the Mn2+ is consumed. Chelating agents are widely used to
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control the nucleation rate of Prussian Blue, but they have not to date been used to
engineer targeted inhomogeneities at the particle level. This represents an attractive onestep synthesis of core-shell materials, which usually require multiple steps. A range of
synthesis conditions were tested to optimize the products. The best-performing material
has an electrochemical capacity of 93 mA h g-1, of which it retains 96% after 500 chargedischarge cycles – a considerable improvement on MnPB (37% after 500 cycles). The
material’s rate capability is also notable: at 4 A g-1 it can reversibly store 70 mA h g-1,
which is also reflected in its diffusion coefficient of ~10-8 cm2 s-1. The epitaxial outer
NiPB layer probably stabilizes the structurally debilitating Jahn-Teller distortions MnPB
undergoes as Mn2+ is oxidized to Mn3+. It is theorized that it exerts an anisotropic strain
on the MnPB lattice, altering the orbital dynamics of its MnN6 octahedra and preventing
(or pre-empting) the Jahn-Teller distortions. To support this mechanism, peak shifts in
the x-ray diffraction pattern are analysed, confirming the presence of a highly spatially
asymmetric macrostrain.
To prepare homogeneous, single-phase MnPB-NiPB composites, the synthesis was
adapted to minimize the contributions of unequal reaction rates of chelated Mn2+ and Ni2+.
Because eliminating the use of sodium citrate entirely resulted in poor crystallinity, lower
reaction concentrations were used as an alternative, ion-agnostic way to slow down
Prussian Blue nucleation and create composites that are both homogeneous and
crystalline. Compared to the heterostructures, the single-phase materials had similar
capacities but were more stable during battery cycling and exhibited slightly better rate
capabilities. The best-performing material delivered stable charge and discharge
capacities of 67 mA h g-1 were obtained at 8 A g-1 (120 C) – allowing a putative battery
ii
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to be charged or discharged in 30 seconds. Though it consisted of almost equal parts
manganese and nickel, it had a NiPB-like structure. This likely strains the MnN6
octahedra present within it in similar fashion as the MnPB@NiPB core-shell material,
though at a much greater magnitude, and accounts for its stability.
In the final section, a range of different types of polyurethanes are studied for use as gelpolymer electrolytes. Non-segmented and segmented thermoplastic polyurethanes are
compared, especially in their interactions with organic carbonate ester solvents. In
general, the segmented polyurethanes, which form free-standing and physically tough
gels, are the better choice. Three gelling solvents are tested and the resulting gels
characterized by measuring the swelling ratio, solvent retention at elevated temperatures,
and ionic conductivity. The mechanical and thermos-mechanical properties; such as the
tensile strength, glass transition temperature and storage and loss moduli; are also tested.
The best-performing gels are subsequently tested in battery cells using one of the Prussian
Blue analogues developed earlier on in the thesis.
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Chapter 1: Introduction

1 Introduction
1.1

Background

The worldwide effort to transition from a hydrocarbon-based energy economy to one
rooted in renewable (and, equally importantly, carbon-neutral) sources of energy has
taken on a substantial urgency in the past decade, often alluded to as a defining challenge
of the current era [1]. Although the precise mix of energy sources this will involve is not
yet clear, much small, medium and grid-scale energy storage will occur in the form of
electricity, which will necessitate the development of secondary (i.e. rechargeable)
batteries capable of both storing large amounts of it and delivering it both quickly and
reliably. The major scientific (and economic) development that has enabled this to
become a foreseeable reality is the advance of lithium-ion batteries (LIBs), which now
power most small-to-medium sized electronic appliances as well as practically all modern
electric vehicles. LIBs are also increasingly viewed as a major component of grid-scale
energy storage [2]. As a consequence, global demand for the commodities used in LIBs
are expected to skyrocket in the coming decades.
This presents a particular challenge for metals for which there is already high demand or
limited supply, especially lithium, cobalt, nickel and copper. Even conservative
projections estimate that global demand for these metals will increase by a factor of
around 20 between 2020 and 2050 (Figure 1.1) [3]. In addition, even though global
lithium reserves are expected to be able to meet demand for the foreseeable future, [4]
these reserves are extremely concentrated, with over 70% of estimated exploitable lithium
located in four countries: Chile, Argentina, Bolivia and China [5]. This has raised
concerns over the formation of an oligopoly in the global lithium market [6-8]. Similar
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concerns surround cobalt, 50% of which is currently produced in the Democratic Republic
of the Congo, where mining is also frequently associated with child labour [9]. A related
concern is the environmental footprint of extracting these metals [10, 11].
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Figure 1.1: projected demand for core battery metals lithium, cobalt and nickel between 2020 and 2050.
The SD scenario (blue) refers to the sustainable development scenario set out by the International Energy
Agency (IEA) to fulfil the requirements of the 2016 Paris Climate agreement. The STEP scenario (green),
also developed by the IEA, is based on policies currently in place and announced policy intentions. The
dashed and solid lines represent different scenarios for relative contributions of battery chemistries (e.g.,
LiNixCoyMnzO2 vs LiFePO4). Adapted from [3] under a Creative Commons Attribution 4.0 International
License.
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For this reason, it may become attractive for economies transitioning towards batterycentred energy sources to diversify into multiple battery technologies based on elements
other than lithium. These include, in principle, any metal with a suitable redox potential.
Indeed, batteries based on the redox chemistry of sodium, magnesium, aluminium,
potassium, and calcium – which are all among the ten most abundant elements in the
Earth’s crust [12] and whose active materials do not necessarily require the expensive and
geographically limited components that lithium-ion batteries require – are all areas of
active research. In addition to being economically and environmentally attractive, these
battery technologies may even, in some instances and for some applications, be able to
outperform their LIB counterparts [13]. Sodium-ion batteries (SIBs) are widely
considered to be the most promising post-lithium battery chemistry in the medium term,
due to the relative maturity of the field and their similarity to LIBs [14]. Because of their
lower volumetric and gravimetric energy densities compared to LIBs, they are generally
proposed for stationary (e.g., grid-scale) rather than vehicular or device applications. It
has been suggested that a gravimetric energy density of 100 – 150 W h kg-1 should
eventually be achievable for SIBs, which would make them competitive with some LIB
technologies [15], such as LTO/NMC (<50 W h kg-1) and graphite/LFP cells (ca.
120 W h kg-1) [16].
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Figure 1.2: annual publication and patents numbers for sodium-ion batteries between 2000 and 2016.
Publication data was extracted from a Scopus search for “sodium-ion battery.” Patent data was taken from
the recent analysis by Aaldaring et al [17].

SIBs received much early attention in the 1970s before the seminal breakthroughs in the
LIB field caused research into SIBs to decline [18]. In the early 2010s, as concerns around
the cost and availability of raw materials for LIBs grew, SIBs experienced a resurgence
in both academic and commercial interest (Figure 1.2). This flood of research activity has
done much to bring the field forward and identify the challenges that must be overcome
to make commercialization of SIBs a realistic prospect. One company, Natron Energy
(USA), has even successfully brought SIBs to market, although only for highly
specialized high-power, low-energy applications such as forklifts and data centres [19].
These SIBs compete more with lead-acid batteries than with traditional LIBs [20]. To
fulfil their promise of easing the transition to renewable energy sources, SIBs must
become more broadly viable. This requires them to attain a combination of high energy
density (since even for stationary applications, energy density directly influences cost),
high cycle life and scalable synthesis. Although a large number of SIB battery
5

Chapter 1: Introduction

components – i.e. cathode, anode and electrolyte materials – satisfying these requirements
individually have been developed, complete functional systems are rare. For instance,
cathode materials often still rely on significant components of cobalt or nickel,
undercutting the central selling point of SIBs. Many also require elaborate syntheses that
are difficult to scale up. The currently most promising SIB anode, a carbonaceous material
known as hard carbon, also suffers from low initial coulombic efficiencies and poor rate
capability (i.e. the ability to be charged and discharged quickly with minimal loss of
capacity) [21]. As these examples demonstrate, more research and material development
is needed to push SIBs towards commercial practicability.
1.2

Objectives of the research

The overarching goal of this thesis is the development and characterization of materials
for SIBs with high capacities, long cycle lives and low costs. Special attention is also paid
to rate capability, since this is one of the major challenges facing the current state of the
art. To these ends, this thesis focuses on two material components of SIBs. The first is
cathode materials, for which a range of Prussian Blue analogues are explored. The second
is polymer electrolytes, which hold promise for potentially making viable sodium metal
anodes.
This thesis consists of seven chapters. The present chapter (Chapter 1) introduces sodiumion batteries, outlines the environmental and economic case for their development, and
summarizes the research challenges they face.
Chapter 2 consists of a literature review of sodium-ion batteries generally, as well as of
Prussian Blue analogues and polymer electrolytes specifically.
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Chapter 3 details the materials, methods and experimental procedures used to produce the
data presented throughout this thesis.
Chapter 4 presents a new strategy of stabilizing sodium manganese ferrocyanide during
sodiation and de-sodiation by growing an epitaxial shell of sodium nickel ferrocyanide
around its particles, using a single-step procedure that exploits the uneven binding
strength of Ni2+ and Mn2+ ions to chelation agents.
Chapter 5 describes the synthesis of crystalline Prussian Blue containing nickel and
manganese as a homogeneous mixture and explores the electrochemical properties and
stabilization of these materials relative to pure sodium manganese ferrocyanide.
Chapter 6 explores the suitability of a range of polyurethanes as gel-polymer electrolytes
for sodium-metal batteries.
Chapter 7 summarizes the thesis, puts the results into a holistic context and describes
potential follow-up work.
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2 Literature review
2.1

The chemistry of sodium-ion batteries

The mechanism of energy storage in sodium-ion batteries relies on the reversible
oxidation and reduction of sodium:
Na (s) ⇌ Na+(solvated) + e–

(2.1)

The electrons and sodium ions produced by this half-reaction are subsequently stored in
a suitable material, such as a transition metal oxide (MO2), the oxidation and reduction
of which constitutes the complementary half-reaction:
MO2 (s) + Na+ (solvated) + e– ⇌ NaMO2 (s)

(2.2)

The half-reactions (2.1) and (2.2) occur simultaneously. The two equations can be
formally combined into:
MO2 (s) + Na (s) ⇌ NaMO2 (s)

(2.3)

During the charge process, Na+ is reduced to Na and NaMO2 is oxidized to MO2; during
discharging the reactions are reversed. To control the overall reaction, the half-reactions
are kept separated by physically isolating the materials in which they take place. To
permit the movement of Na+ ions between the anode and cathode, they are connected by
an ionically conductive but electrically insulating electrolyte. In secondary sodium
batteries, sodium metal – or a sodium-containing material used in its place – is defined
by convention as the anode, while the complementary material described by (2.2) is the
cathode. A cathode or anode material’s theoretical maximum gravimetric capacity is
8
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given by dividing the product of the number of electrons (or, equivalently, Na+ ions) n it
can store per formula unit and the Faraday constant F by the molar mass M of the material:

Qmax =

𝑛𝐹
𝑀

(2.4)

Thus, a low molecular mass and high number of electrons per mole favour high capacities.
In practice, n is usually 1 or 2; the theoretical capacities of most SIB cathode materials
fall between 150 and 250 mA h g-1. Anode materials, which often have lower molar
masses, can have much higher capacities of up to 1000 mA h g-1 [18]. The practically
achievable capacities are usually far below these theoretical figures: not all the sodium a
given compound contains can generally be extracted without destabilizing the structure.
In addition, the gravimetric capacity only tells part of the story: the volumetric capacity,
obtained by dividing the gravimetric capacity by the material’s density, is equally
important. The voltage at which sodium extraction and insertion occurs is also of central
importance, as it directly affects the material’s energy density [22].
A large variety of materials is usable as SIB cathodes (see Section 2.2); their mechanisms
of reaction with sodium ions are predominantly intercalation reactions. Each incoming
ion is balanced by an accompanying electron (via the battery cell’s outer circuit, which is
also the where the reaction’s energy is harvested) which is stored in the d-orbitals of
neighbouring metal ions [23]. While sodium metal can, on its own, serve as an anode (the
resulting configuration is then a sodium-metal battery rather than a sodium-ion battery),
most attempts at commercialization currently involve the use of alternative anode
materials which store sodium. The reasons for this are safety related: the reduction of Na+
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on a Na surface can easily result in uneven deposition of sodium metal, which favours
dendrite growth (this will be discussed in detail in Section 2.4.2). In this, the SIB field
mirrors the LIB field, in which Li-intercalating graphite is the dominant anode material
[24].
Given that sodium sits one row lower than lithium in the periodic table and its ionization
liberates more energy, sodium-ion batteries might intuitively be expected to be more
energy-dense than lithium-ion batteries. However, the number of other factors at play is
so large that it is almost impossible to make a sweeping prediction of energy density
across these battery chemistries. (In fact, the standard reduction potential of lithium –
whose applicability is limited because it is measured in aqueous solution – is more
negative than that of sodium, a consequence of the different solvation energies.) These
factors are diverse, but the most important is the specific electrodes used. The
intercalation of sodium (or any alkali ion) into an electrode can be seen as a reaction like
any other that releases or consumes energy; the amount of energy released or consumed
is an intrinsic property of the electrode material [25]. When comparing the calculated
operating voltage of group of widely used cathode materials against Na and Li, Ong et al.
[26] found the Li voltage to be around 0.2 – 0.5 V lower than the respective Na voltage;
the voltage gap within each class of materials, such as layered oxides, was remarkably
consistent. This disadvantage is partially compensated by the fact that many anode
materials, for which a lower operating voltage is desirable since the net voltage of the cell
is the difference between the cathode and anode voltages, exhibit similar trends. For
instance, sodium titanates have operating voltages of around 0.3 V, compared to about
1.7 V for lithium titanates [27]. Currently, the energy density of SIBs lags behind that of
10
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LIBs, although this is at least partly an effect of the latter’s advantage of 30 years of
dedicated research. It has recently been argued that sodium-ion batteries may one day be
able to compete directly with the energy density of lithium-ion batteries [24, 28, 29].
2.2

Cathode materials for sodium-ion battery cathodes

Most proposed cathode materials for sodium-ion batteries are compounds of transition
metals. Organic cathode materials are also currently drawing much attention; these are
attractive mainly because of their low cost and high degree of customizability. However,
due to their inherently low conductivity and poor structural stability, metal-based
materials currently far outcompete them [30]. Among metal-based cathode materials for
SIBs, the biggest classes are metal oxides (NaMO2); polyanionic compounds, a highly
diverse grouping that includes phosphates (NaxMyPO4), pyrophosphates (NaxMP2O7) and
sulphates (NaxMySO4); and Prussian Blue analogues (NaxM1y[M2(CN)6]z·nH2O),
whereby M is any 3d transition metal between Ti and Ni [25]. All these classes form
sizable research fields in their own right and consist of hundreds of materials. The lattice
structure of a given cathode material is often of critical importance. Many materials can
crystallize as multiple isomers that differ greatly whose capacities or sodium storage
mechanisms. An example is NaFePO4, which exists as several isomers, most commonly
olivine and maricite. Only the olivine form can reversibly intercalate Na+ ions (the
maricite form undergoes a phase transformation to an amorphous, though still
electrochemically active structure upon charging) [31].
All of these materials still faces technical challenges. Broadly speaking, oxide materials
have high capacities but suffer from low cycling stability; the reverse is true for many
polyanionic compounds [28]. In Prussian Blue analogues, the role of coordinated crystal
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water and lattice defects in limiting capacity and stability is not yet settled. In addition to
such open scientific questions, the choice of cathode material is subject to inherent
tradeoffs, e.g. in the ease of synthesis, energy density, charging speed and cost.
Ultimately, the varying cost, performance and energy density requirements of different
battery applications mean that a range of materials may viable for different purposes. This
mirrors the development of the LIB field, where the cathode market is currently split
between five major materials [32].
To prepare the final cathode, cathode materials are generally mixed with a conductive
additive and a binder material. These two components, though generally representing less
than 10% of the cathode by weight, are crucial for the function of the battery. Conductive
additives, usually a form of carbon black, enhance the active material’s electrical
conductivity. Binders, as the name implies, serve as a “glue” holding the cathode powder
together once it is deposited on a current collector. To prepare a functional cathode, the
binder material is dissolved in an appropriate solvent and the active material and
conductive additive are added; sometimes all three are mixed at once.
The most common binder used in state-of-the-art lithium-ion batteries is poly(vinylidene
difluoride), usually abbreviated as PVDF. In sodium-ion batteries, carboxymethyl
cellulose (CMC) is also widely used. The principal advantage of CMC is that it is soluble
in water, whereas PVDF requires N-Methyl-2-pyrrolidone (NMP), a more expensive and
less environmentally friendly organic solvent [33]. However, water-based components
are difficult to integrate into large-scale battery manufacturing processes, since these
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usually take place in dry rooms. Some cathodes are also themselves sensitive to water
contamination [34].
2.2.1

Prussian Blue Analogues as sodium-ion battery cathode materials

In the early 18th century, two pigment makers named Johann Diesbach and Johann Dippel
[35] accidentally discovered Prussian Blue upon combining a solution of iron sulphate
with a sample of potash that had been contaminated with a hexacyanoferrate (also known
as ferrocyanide) salt. As blue pigments were rare and expensive at that time, this quickly
attracted the attention of other chemists and alchemists, who improved the synthesis and
experimented with the reactivity of ferrocyanide towards other metals [36]. Because the
modern discipline of chemistry was still in its infancy, the elemental composition and
structure of Prussian Blue were established haltingly over the next few centuries in
tandem with the progression of science’s general understanding of matter and chemical
bonding. By the early 1900s, the basic formula Fe3[Fe(CN)6]4 was broadly accepted,
although it was also already known that Prussian Blue can occur as multiple homologues
of similar but distinct compositions [37], which continued to engender debate for many
years. For instance, the ratio of iron and ferrocyanide used during the synthesis affects
the composition of the product: an excess of ferrocyanide leads to a Prussian Blue
containing some of the ferrocyanide counterion (e.g. K+ or Na+). This came to be called
“soluble” Prussian Blue due to its colloidal nature, while the more crystalline product
obtained with an excess of iron ions was called insoluble Prussian Blue. Today, it is
known that they are almost identical in structure and that insoluble Prussian Blue simply
contains coordinated H2O molecules in place of the alkali ions [38]. Another curiosity is
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the fact that mixing Fe2+ with [Fe(CN)6]3+ yields the same product as mixing Fe3+ and
[Fe(CN)6]2+. This is due to the redox equilibrium between these ion pairs:
𝐹𝑒 2+ + 𝐹𝑒(𝐶𝑁)6 3+ ⇌ 𝐹𝑒 3+ + 𝐹𝑒(𝐶𝑁)6 2+

(2.5)

Because the ions on the left side of equation (2.5) react to form a precipitate much more
quickly than those on the right [39, 40], the product is almost exclusively
FeIII3[FeII(CN)6]4. The reactions of Fe2+ with [Fe(CN)6]2+ and of Fe3+ with [Fe(CN)6]3+,
on the other hand, do create distinct products, forming Na2Fe[Fe(CN)6] (sometimes
known as Prussian White or Everitt's salt) and Fe[Fe(CN)6] (often called Berlin Green),
respectively.
Throughout its history, the application of Prussian Blue was dominated by its use as a dye
in the arts and in the textile industry. Although its ability to intercalate a large variety of
cations, from lithium and ammonium to cesium and even heavier metals like thallium,
has long been known and exploited for use as an antidote to metal poisoning [41], the
reversibility of cation intercalation into Prussian Blue was not studied until 1978. In a
seminal work, Neff [42] noted that a thin film of Berlin Green can be reversibly reduced
to Prussian Blue, which can in turn be reduced to Prussian White:
𝐹𝑒 𝐼𝐼𝐼 [𝐹𝑒 𝐼𝐼𝐼 (𝐶𝑁)6 ] + 𝑁𝑎 + + 𝑒 − ⇌ 𝑁𝑎𝐹𝑒 𝐼𝐼𝐼 [𝐹𝑒 𝐼𝐼 (𝐶𝑁)6 ] + 𝑁𝑎+ + 𝑒 − ⇌ 𝑁𝑎2 𝐹𝑒 𝐼𝐼 [𝐹𝑒 𝐼𝐼 (𝐶𝑁)6 ]
Berlin Green

Prussian Blue

(2.6)

Prussian White

Neff’s finding ignited a flurry of interest in the electrochemical properties of Prussian
Blue. Starting with iron hexacyanoruthenate [43, 44], a wide range of Prussian Blue
analogues (PBAs), in which one or both of the iron atoms are substitute by another
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transition metal, were characterized and found to exhibit similar properties. Due to the
rise of lithium-ion batteries, whose electrode materials are dominated primarily by oxides
and phosphates, interest in PBAs as an energy storage material waned until the resurgence
of sodium-ion batteries in the early 2010s.
Likely due to the ready commercial availability of sodium ferrocyanide, the vast majority
of PBAs used as SIB cathode materials today are ferrocyanides (NaxM[Fe(CN)6]·nH2O),
with hexacyanomanganates [45] also receiving some attention. Hexacyanochromates
[46], due to their lower Na+ intercalation voltages, are being studied as anode materials
or as cathode materials for aqueous SIBs.
The intercalation of cations other than K+ were also studied; it was initially believed that
Na+ either intercalated only irreversibly or not at all due to the size of the solvated Na+
ion [47, 48]. Today, it is known that PBAs reversibly intercalate alkali, alkaline earth and
even transition metals; research fields investigating their use as cathode materials for
lithium-ion [49, 50], magnesium-ion [51], aluminium-ion [52], potassium-ion [53],
calcium-ion [54], and zinc-ion [55, 56] batteries are well-established. Interestingly, the
intercalation voltage of lithium into many PBAs is below 2 V [57, 58], which has led to
their application as anode materials within the LIB field. Different PBA-ion combinations
often display unpredictable intercalation behaviours: for instance, the insertion and
extraction of both Na+ and K+ into nickel ferrocyanide can be repeated apparently
indefinitely without significant loss of capacity, whereas the use of Li+ results in rapid
capacity decay (Figure 2.1) [59].
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Figure 2.1: stability of cation intercalation and extraction into (a) copper ferrocyanide and (b) nickel
ferrocyanide. Adapted from [59] with permission from IOPScience.

These early works characterizing the electrochemical properties of PBAs were generally
done using aqueous electrolytes. Only in the early 2010s, when the focus turned to
maximizing energy density – which requires higher voltages than are possible with
aqueous solutions – were non-aqueous electrolytes implemented.
Practically, Prussian Blue analogues (PBAs) are an attractive option as SIB cathode
materials because they do not require high-temperature sintering as most oxide and
phosphate materials do [60]; their synthesis generally takes place at or near room
temperature and involves simple precipitation reactions. They are also competitive from
economic and performance standpoints: based on a comparison of materials costs and
energy density, Li et al. [60] have identified PBAs as among the leading contenders
against metal oxides, phosphates and fluorophosphates (Figure 2.2).
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Figure 2.2: Ratio of materials cost to energy density of (a) sodium metal oxides, (b) Prussian Blue
analogues, (c) phosphates and phosphate derivatives and (d) a selection of standout materials from all
three categories. Reproduced from [60] with permission from John Wiley & Sons.

Structurally, Prussian Blue analogues consist of two transition metals (M1 and Fe in the
formula above) linked by cyanide ligands (Figure 2.3a), wherein M1 and Fe are bonded
to the nitrogen and carbon atoms, respectively. The sodium ions sit in the cavities within
the cubes created by this structure. This basic cubic lattice (Figure 2.3) was first proposed
in 1936 by Keggin and Miles [61]; the currently accepted structure was published only in
1977 by Buser et al. [38]. The stacking of adjacent cubes in the Prussian Blue structure
creates a continuous network of channels through which Na+ ions can move, forming
what is sometimes called an “open-framework” structure [13, 45]. This structure is what
allows PBAs ability to conduct and store Na+ ions, and is integral to their high rate
capabilities compared to other types of materials.
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Figure 2.3: generalized structure of Prussian Blue analogues (a) without and (b) with lattice defects. The
A sites can be occupied by Na ions or H2O molecules. Adapted with permission from [62]. Copyright 2016
American Chemical Society.

In addition, a certain amount of crystal water is almost always present in Prussian Blue.
These water molecules can occupy two places in the structure: (1) inside the cavities in
place of the Na+ ions, which is known as zeolitic water, and (2) attached to the M1 ions
(Figure 2.3b), which is called coordinated water [63]. Both are generally undesirable
because they decrease the number of host sites available for Na+ storage and lower the
material’s conductivity by blocking ion movement. In addition, the presence of water can
cause deleterious side-reactions during charging or discharging, e.g. in the form of
hydrogen evolution or acid-base reactions that produce H+ or OH– ions which further
attack the electrodes or electrolyte [13, 64]. Coordinated water also results in structural
defects in the material, as it impedes the coordination of a ferrocyanide ion. Several
strategies have been developed to reduce the occurrence of crystal water in Prussian Blue.
Zeolitic water can be minimized by increasing the concentration of Na+ ions during
synthesis (e.g. by adding a sodium salt such as NaCl) [65, 66], while coordinated water
can be suppressed by slowing down the reaction rate to effect a more controlled
nucleation and particle growth. At its simplest, this can be done by simply slowing down
the mixing of the reactants, e.g. by adding combining the reaction solutions dropwise
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rather than all at once [67-69]. A more sophisticated approach is to use chelating agents
that selectively bind transition metal ions, inhibiting their reaction with ferrocyanide ions.
Because the metal ions are released from their chelate complexes gradually (Figure 2.4),
this effects a more homogeneous slowing down of the Prussian Blue nucleation than
dropwise mixing and is capable of almost fully supressing defects [63]. However, because
multiple equivalents of chelating agents are often required, it also reduces the atom
efficiency of the synthesis considerably.

Figure 2.4: schematic representation of a Prussian Blue synthesis wherein nucleation is controlled by the
presence of a chelating agent, which releases coordinated metal ions slowly and effects a more orderly
formation of the PB nanocubes. Reproduced from [70] with permission from Elsevier.

The use of chelating agents to control the nucleation rate of Prussian Blue has been wellestablished for decades [71, 72]. The most popular ones for the synthesis of SIB cathode
materials are sodium salts, which have the added advantage of also increasing the sodium
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concentration of the reaction solution, minimizing the occurrence of zeolitic water
described above. By far the most popular chelating agent is sodium citrate; other recent
choices have included sodium ethylenediaminetetraacetate (EDTA) [73, 74], sodium
pyrophosphate [75] and polyvinylpyrrolidone (PVP) [76, 77].
The first use of sodium citrate to synthesize PBAs for use battery electrode materials was
reported in 2015 [78, 79] and has since become the chelating agent of choice. EDTA has
seen much less frequent use, with only two works reporting its application in Prussian
Blue syntheses [73, 74]. It has a much higher binding strength towards transition metals
to the point that they require the careful addition of acids to release their chelated ions
[73, 74]. This makes EDTA less straightforward to use, but also has the positive effect of
reducing the total amount needed: a single stoichiometric equivalent is usually sufficient
to suppress Prussian Blue nucleation.
Due to the presence of the cyanide groups and crystal water, PBAs have molar masses of
300 – 350 g mol-1 – considerably higher than most other classes of cathode materials.
However, the presence of two transition metals and corresponding ability to store two
electrons per formula unit compensates for this, resulting in theoretical capacities of up
to 170 mA h g-1. Real capacities of up to 130 mA h g-1 have been achieved [66, 80]. While
ferrocyanide compounds of many transition metals are known, including aluminium and
several 5d elements [81], only NaxM1y[Fe(CN)6]z·nH2O with M1 = Ti [82], V [83], Mn
[80], Fe [80], Co [80], Ni [80], Cu [84] and Zn [85] have been reported to be suitable SIB
cathode materials. Nickel, copper and zinc are not generally redox-active within the
voltage range of sodium-ion battery cathodes (ca. 2 – 4 V); in the respective Prussian
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Blue materials, only the iron ions contribute to the electrochemical capacity, which is
correspondingly lower (ca. 60 – 70 mA h g-1). However, such materials can still be of
interest due to their high battery cycling life: sodium nickel ferrocyanide [75] and sodium
zinc ferrocyanide [85] have been reported to suffer little to no capacity decay even after
thousands of cycles.
Of the ferrocyanides containing two redox-active metals, Mn, Fe and Co-based Prussian
Blue are the most attractive due to their combinations of high capacities with high voltage
ranges [13], which results in overall high energy densities. Ni-based Prussian Blue has
the highest capacity of the single-redox Prussian Blues. Therefore, the bulk of Prussian
Blue research currently focuses on these four elements [25, 80]. Because of the
environmental and economic issues associated with cobalt, the bulk of the literature
focuses on manganese-based (MnPB), iron-based (FePB) and nickel-based (NiPB)
Prussian blue analogues (FePB).
Although PBAs can crystallize in a range of lattice symmetries, depending on the
synthesis conditions, they usually have very close to cubic structures [80]. Controlling a
given PBA’s morphology by modulating a variety of conditions such as temperature,
reactants, additives and reaction speed is one of the primary ways of tailoring its
properties. In addition to cubic PBAs, monoclinic, rhombohedral and tetragonal
structures have been reported. Nevertheless, the structure generally does not deviate
strongly from a cubic lattice; this is reflected in the morphology, which usually consists
of nanocubes or microcubes. The relationships between structure and electrochemical
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properties will be discussed separately for each type of Prussian Blue in the following
sections.
2.2.2

Manganese-based Prussian Blue (MnFePB)

Manganese-based Prussian Blue is, along with iron-based Prussian Blue, the most widely
studied PBA for sodium-ion battery applications due to its high capacity and the low cost
and natural abundance of manganese. Much of the early development of MnFePB as a
sodium-ion battery cathode was carried out by Goodenough and coworkers [86], who in
2012 first surveyed the Na+-insertion properties of a range of potassium metal
ferricyanides (KMII[FeIII(CN)6]). The use of ferricyanides, in which the oxidation state of
Fe is +3, limited its ability to storage alkali ions, which in turn limited the capacity. The
coulombic efficiency was also low (80% after 30 cycles), since the intercalated potassium
in the materials had to be exchanged for sodium during battery cycling. In a follow-up
work [66], the same group used sodium ferrocyanide (in which the oxidation state of iron
is +2) instead of potassium ferricyanide and added NaCl to the reaction vessel. These
measures doubled the capacity to 120 mA h g-1 and dramatically improved the coulombic
efficiency. In the years since, the number of studies available in the literature studying
MnFePB has skyrocketed, describing many iterations of it with a range of physical
properties.
2.2.2.1 Jahn-Teller distortions
The chief issue with MnFePB that most works studying it seek to address is its poor
cycling stability: its discharge capacity gradually but continually declines as it is charged
and discharged. It is generally agreed that this is caused by the Jahn-Teller distortion
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exhibited by the MnN6 octahedra present in the structure, which effects an elongation of
the Mn-N bonds along the z-axis and a shortening of those in the x- and y-axes [63, 64,
87-90]. The repeated elongation and contraction of the bonds over the course of several
cycles destabilizes the structure, causing it to gradually break apart over the course of
several battery charge-discharge cycles.
Jahn Teller distortion can be predicted and explained using ligand field theory. In a real
bonding environment, the initially degenerate d-orbitals of a free transition metal ion are
split into multiple energy levels, a result of the unequal interactions of the electrons in
them with the electrons of the incoming bonding species. If the system still has multiple
degenerate energy states – that is, if the orbitals are not evenly occupied – an additional
energy gain is possible by a further splitting of the remaining degenerate orbitals’ energy
levels. Physically, this is achieved by stretching some of the system’s bonds, pushing the
corresponding ligands away from the central ion (Figure 2.5). Simultaneously, the
remaining bonds are contracted, though less significantly. This causes the d-orbitals on
or adjacent to these bonds to be energetically stabilized and destabilized, respectively.
The energy levels of the orbitals along the stretched bonds are lowered, while those along
the shortened bonds rise, leading to a net energy gain if more electrons occupy the former
than the latter.
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Figure 2.5: Orbital dynamics and generalized representation of Jahn Teller distortions in a hypothetical
octahedral CuL6 complex. Reproduced from [91] with permission from The Royal Society of Chemistry.

In Prussian Blue analogues, whose transition metal ions are all octahedrally coordinated,
the initial orbital splitting results in two energy levels: the triply degenerate dxy, dxz, and
dyz orbitals (together called t2g), which point directly at the ligands, are lowered in energy
relative to the original state, while the doubly degenerate dz2 and dx2- y2 orbitals (called
eg), which protrude between the ligands, are elevated. Depending on whether the
coordination sphere displays high-spin or low-spin behaviour – which is determined by
the magnitude of the orbital splitting, among other factors – many octahedral electron
configurations result in degenerate energy states and thereby in Jahn-Teller distortions.
In fact, only the d3, d8, d10, high-spin d5 and low-spin d6 configurations do not exhibit it.
However, the Jahn-Teller distortions of compounds with unevenly occupied t2g orbitals,
such as Co2+ (d7) or high-spin Fe2+ (d6) complexes, are generally much weaker than those
that result from unevenly occupied eg orbitals (e.g Cu2+ or high-spin Mn3+). In octahedral
complexes, the most common manifestation of Jahn-Teller distortion is an elongation of
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the axial bonds (defined as running along the z-axis), although compression of the same
also sometimes occurs [92].
Jahn-Teller distortion becomes problematic for battery materials when it occurs for one
of the oxidation states of an electrochemically active metal ion. This causes the
corresponding octahedron to repeatedly stretch and contract as it is oxidized and reduced
during battery operation, which destabilizes the structure and leads to it physically
breaking apart. This occurs most commonly with redox couples involving Mn3+, Fe4+ or
Ni3+ ions [93] and is a well-known issue with a number of battery cathode materials [9398]. Strategies to minimize it have included doping with other transition metals such as
cobalt [99], sulphur [95], aluminium [97] and magnesium [100].
A further consequence of the structural breakdown of a cathode material is that the
affected metal ions can dissolve out of the bulk material into the electrolyte and migrate
to the anode, where they may form electrochemical decomposition products that further
inhibit the reversible capacity. This is catalysed by the presence of acidic species in the
electrolyte, especially H+, which are easily formed by the decomposition of trace water
and weaken the bonds of anionic species in the cathode, such as oxygen [93] in the case
of oxide materials. For PBAs, this could analogously involve the acid-catalysed
dissolution of cyanide from the Jahn-Teller-weakened lattice. Indeed, examination of the
separators of MnPB-based battery cells after cycling has revealed evidence of dissolved
manganese [101].
Due to the SIB field’s younger age, research into the Jahn-Teller deformations of MnPB
specifically is less advanced than for most LIB cathodes. However, considerable
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improvements to its stability have been achieved by coating it with conductive polymers
such as polypyrrole [101] or poly(3,4-ethylenedioxythiophene) (PEDOT) [89] or doping
with iron [102], nickel [68, 103, 104] or cobalt [88]. Highly elaborate morphologies have
also been fabricated, such as “hollow” layered structures that allow room for volume
expansion during cycling [77]. None of these works studied how or whether the
undertaken measures specifically affected the Jahn-Teller dynamics of MnPB or the
resulting lattice destabilization, although it is likely that they did, since Jahn-Teller
deformations are the primary source of cycling instability in MnPB. Another approach
that has achieved some success is to alter the crystal structure. MnPB is most commonly
reported as having a near-cubic monoclinic structure. Song et al. [105] reported that fully
dehydrating MnPB by drying it at 100 °C for 30 hours in 0.02 mbar vacuum causes it to
assume a rhombohedral structure in addition to removing electrochemically problematic
water molecules; the resulting material retained 70% of its capacity after 500 cycles – a
considerable improvement over most monoclinic specimens. Several accounts of cubic
MnPB having high cycling stabilities have also been published. For instance, Matsuda et
al. [106] used an electrochemical synthesis to prepare a thin film electrode of cubic
MnPB, which exhibited a capacity retention of 90% after 100 cycles. Tang et al. [107]
synthesized a similar material by adding 8.5 equivalents of sodium citrate in the reaction
solution, which demonstrated a capacity retention of 60% after 500 cycles. All of these
structures are not fundamentally different in the arrangement of their constituent atoms
and are still built around MnN6 octahedra, so the Jahn-Teller distortions would be
expected to take place within them regardless. However, structures deviating from the
monoclinic might be more able to absorb the stress exerted by the distortions and
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therefore be more resistant to structural breakdown. Though these strategies were each
reported to be broadly effective, they each suffer from shortcomings, such as high cost,
low atom economy or complicated scalability.
2.2.3

Nickel-based Prussian Blue

Although sodium nickel ferrocyanide (NiFePB) contains only a single electrochemically
active metal ion (iron), giving it a modest capacity of around 70 mA h g-1, it has several
properties that nevertheless make it highly interesting from both a theoretical and
practical standpoint. First, it undergoes virtually no volume change during charging and
discharging (less than 1% when quantified by the change in lattice parameters, as
measured by x-ray diffraction) [108]. Secondly, its stability over many charge-discharge
cycles is virtually unparalleled among PBAs: it has been reported to exhibit a capacity
retention of over 99% after 200 cycles [108]. And third, it has an extremely high rate
capability, i.e. the charge and discharge speeds can be ramped up significantly with
relatively little loss of capacity.
The first formal study of the electrochemical properties of nickel ferrocyanides was
published in 1982 by Bocarsly and co-workers [109]. The same group also reported on
the insertion properties of alkali ions into electrodeposited nickel ferrocyanide the
following year [110], noting that it readily accepts ions up to the size of the potassium
cation. However, the material’s potential as an electrode for energy storage was not
explored until 1989 by Kalwellis-Mohn and Grabner [111], who tested its reversibility
against a nickel hexacyanoruthenate counterelectrode in an aqueous NaClO4 electrolyte.
Research into PBAs faded in the context of the broader loss of interest in SIBs over the
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next few decades. In 2011, Wessels et al. [112] re-examined nickel ferrocyanide using
modern standards for battery cells: bulk-synthesized materials (as opposed to
electrochemically deposited films) coated onto a current collector and capacity loadings
closer to those necessary for real cells. Subsequently, You et al. [108] were the first to
use it as a cathode in nonaqueous sodium-ion battery cells using traditional carbonatebased electrolytes. They observed that its capacity, though relatively low, was extremely
stable and declined by only 0.3% after 200 charge-discharge cycles. They also reported
that the material’s cubic lattice underwent no phase transformation and negligible volume
change (<1%) during sodium extraction and reinsertion.
Consistent with the trends of the broader Prussian Blue field, it was soon noted that adding
sodium citrate to the feed solutions and synthesizing the material in its discharged (i.e.
reduced) form increased its sodium content considerably and minimized vacancies and
defects, resulting in a ca. 15% increase in capacity [113]. Since then, the bulk of research
into NiFePB has focused on experimenting with its crystal structure. Cubic [80, 108, 112,
114, 115], rhombohedral [76, 113] and monoclinic [75, 116] formulations of
NaxNi[Fe(CN)6] have been reported. Based on the hitherto published works, cubic NiPB
appears to form when no measures are taken to slow down its nucleation, while the noncubic structures were all synthesized with the use of chelating agents [75, 113, 116] or at
sub-ambient temperatures [76]. Monoclinic and rhombohedral structures seem to be
preferable to cubic ones, offering higher operating voltages [113] and improved capacity,
crystallinity, and rate capability [75, 76, 116]. However, the physico-chemical properties
and battery performance of monoclinic and rhombohedral NiFePB appear to be
comparable. Indeed, there is no clear difference between the synthesis conditions that lead
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to rhombohedral structures and monoclinic structures. Given the similarity of their XRD
patterns (Figure 2.6), it is possible that these structure solutions are simply different
interpretations of the same lattice.

Figure 2.6: XRD spectra patterns of (a) rhombohedral NiFePB, adapted from [76] with permission from
ACS and (b) monoclinic NiFePB, adapted from [75] with permission from Elsevier.

2.2.4

Mixed nickel/manganese-based Prussian Blue

The complementary nature of the properties of MnFePB and NiFePB – i.e. a high but
unstable and low but stable capacity, respectively – makes combining the two a relatively
intuitive next step. Several works taking this approach have already been published with
a variety of both heterogeneous and homogeneous compositions. A simple
implementation of this concept is to add small proportions of Ni2+ salts into the synthetic
feed, resulting in an MnFePB lattice doped with NiFePB. Yang et al. [104] were the first
to explore the properties of Ni-doped MnFePB with a Ni:Mn ratio of 12:88. The material,
like MnFePB and NiFePB synthesized under identical conditions, had a cubic structure.
The material had an initial discharge capacity of ca. 90 mA h g-1 at 100 mA g-1, of which
it retained 84% after 800 cycles (vs. 63% for MnFePB). In 2016, Chen et al. [68] further
developed this new class of materials by applying the by then well-established strategy
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of using sodium citrate as a chelating agent to improve the crystallinity. A major finding
from this work was that the citrate anion has a significantly higher binding affinity for
Ni2+ than for Mn2+, which causes the Mn:Ni ratio of the product to be higher than that
used in the synthesis. The final product, Na1.87Mn0.95Ni0.05Fe(CN)6, resulting from a
synthetic Mn:Ni ratio of 4:1, had a capacity of 120 mA h g-1 at 0.05 A g-1 and retained
92% of its initial capacity after 400 cycles. In a simultaneously published work,
Moritomo et al. [103] reported a MnFePB-NiFePB composite material, although with a
much higher Ni content (Ni:Mn ratio 74:26) and synthesized without using chelating
agents. Interestingly, this material, despite its lower proportion of manganese, had a
higher capacity and lower capacity retention than either of the previously reported mixed
Mn-Ni PBAs.
None of the abovementioned reports assessed the morphology of the materials in detail,
such as whether the lattice substitutions were uniform or heterogeneous. However, two
other works have since explored the targeted synthesis of heterogeneous MnFePBNiFePB composites. Huang et al. [77] prepared a layered composite consisting of, from
inside to out: PVP, MnFePB, PVP and NiFePB. It was hypothesised that the PVP core
and thin intra-layer might absorb some of the volume expansion of the MnFePB phase
during cycling. This structure exhibited a capacity retention of 82% after 600 cycles
(compared to 65% for pure MnFePB). Very recently, Hu et al. [117] prepared a MnFePBNiFePB composite with a gradient structure: particles whose Mn:Ni ratio varied spatially
from 1 at the core to 0.5 on the outside. This resulted in an improved cycling stability
over both pure MnFePB and homogeneous composites of with similar overall Mn:Ni
ratios.
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2.3

Electrolytes for sodium-ion batteries

The term “electrolyte” as applied to batteries encompasses several components: a solvent
or solvent mixture, the actual ions responsible for energy storage (in this case a sodium
salt), and various additives generally comprising less than 5% of the total electrolyte by
mass [118]. The strict demands on battery electrolytes mean that the number of possible
candidates for each of these components narrows down to a small number. Blandly stated,
an ideal battery electrolyte must be inexpensive, nontoxic and non-flammable; exhibit
minimal capacity fading; and be chemically, electrochemically and thermally stable
[118]. Dedicated research on electrolytes for sodium-ion batteries (SIBs) has historically
lagged significantly behind research on electrodes (the “active materials”), although
interest in this field has recently risen sharply [119]. Years of experience with the related
field of lithium-ion batteries (whose electrolyte components were also neglected in the
field’s early years) has shown that amelioration of the electrolyte is crucial to the
performance of the overall battery. As is the case with many other facets of SIBs, insights
gleaned from decades of intensive research on lithium ion batteries form the starting point
for much of the exploration of SIB electrolytes, due to the similar battery chemistries
involved [118].
In addition to the requirements universal to all battery components – price, safety, and
stability – essential criteria are low viscosity (a crucial factor for ionic conductivity) and
high polarity (in order to solvate the salts used). These, together with the rigorous
demands regarding safety and performance, mean that the field of possible solvents is
very small: the need for electrochemical stability precludes any protic solvents and the
need to be able to dissolve ionic compounds means that only polar solvents can be used.
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The already fairly limited number of polar aprotic solvents is further winnowed by safety
issues (e.g. flammability and vapor pressure) and cost concerns. The substantial majority
of practical solvent candidates mentioned in the literature are organic carbonates, with
esters, ethers and sulfonates also occasionally mentioned [118-120]. In fact, in addition
to the three used in commercial LIBs – ethylene carbonate (EC), diethyl carbonate (DEC),
dimethyl carbonate (DMC) and ethylmethyl carbonate (EMC) – only propylene carbonate
(PC) receives widespread mention in the literature [118-121].
The experience of developing electrolytes for LIBs has shown that the required crosssection of properties described above is virtually impossible to attain with a single
solvent: for instance, low-viscosity solvents often have high vapor pressures (raising
safety issues) and vice versa. For this reason, most electrolytes consist of mixtures of two
or three compounds. One component of these mixtures is almost always ethylene
carbonate, due to its high polarity, which increases the solubility of sodium salts. To
balance out its high viscosity and high melting point, one or two linear carbonates (DEC,
DMC or EMC) are generally added [122].
2.3.1

The solid-electrolyte interface (SEI)

Most electrolytes are not, on their own, electrochemically stable against real battery
electrodes and rely on the formation of passivation layers on the electrode surfaces to
prevent continuous decomposition. Characterizing and understanding these passivation
layers, known as the solid-electrolyte interfaces (SEIs), is a significant subfield within
battery research. The SEI forms in the first few cycles of a battery cell’s operation, which
together are a dedicated step in battery manufacturing known as the formation process.
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Formation cycles are usually carried out at low currents to create complete and
homogeneous SEIs, although this adds to production time and cost [123].

Figure 2.7: simplified visual representation of the components of the SEI formed from a carbonate esterbased electrolyte on a reduced graphene oxide surface (rGO) in a sodium ion battery. Adapted from [124]
with permission from The Royal Society of Chemistry.

SEI formation is accompanied by an “irreversible capacity” – the capacity lost as a result
of irreversible Na+ decomposition and incorporation into the SEI, e.g. as Na2O or
alkoxides [125]. Irreversible capacities are considered “acceptable” up to around 20%
[126]. The term SEI is often used to refer only to the layer formed on the anode surface,
as cathode passivation layers (sometimes called CEIs to distinguish them from SEIs) are
thinner and responsible for less irreversible capacity loss. This because most electrolyte
components are fairly stable in the upper region of the operating range of most batteries
(usually up to 4.3 V). In SIBs, the CEI plays a greater role than in LIBs, but remains much
less-well studied [127]. One of the most widely implemented strategies to improve the
stability of both the SEI and CEI, and to minimize the irreversible capacity, is to add small
quantities (less than 2% by weight) of fluoroethylene carbonate (FEC) [127].

33

Chapter 2: Literature review

2.4
2.4.1

Practical sodium-ion batteries
Full cells

In general electrochemistry, half-cell refers simply to any electrode immersed in an
ionically conductive electrolyte; connecting the electrolytes of two different half-cells
creates a full cell [128]. However, in the battery field specifically, the term is used to refer
to a battery cell whose anode is the reduced form of the electrochemically active ion (e.g.
lithium metal for LIBs or sodium metal for SIBs). In this context, full cells consist of
“true” anodes and cathodes – that is, compounds that react with the electrochemically
active ion in some way, such as via intercalation, alloying or conversion reactions [22].
Half-cells are widely used in research to isolate the properties of the electrode. In full
cells, it is generally not straightforward to isolate the contributions of the individual
electrodes to the overall capacity, conductivity or reversibility [22, 129, 130]. Because
these properties of sodium metal far exceed those of most intercalation, alloying and
conversion electrodes, its use ensures that they are limited only by the counter-electrode
being studied. However, as mentioned in the introduction, sodium metal is – at least in
the current state of the art – an unsuitable anode for commercial cells because the
generally uneven deposition of lithium causes it to be prone to dendrite formation, which
penetrate the separator and cause the cell to short-circuit. This not only renders the cell
useless, but is also potentially dangerous due to the potential for sudden heat release and
thermal runaway. For this reason, most of the efforts to make sodium-ion batteries
commercially viable have used carbonaceous intercalation anodes known as hard carbon
[24], much like how the LIB field settled on graphite anodes (after initial unsuccessful
attempts to commercialise lithium metal anodes) [131].
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The main appeal of hard carbon is its low intercalation voltage of sodium. This is
desirable because it implies that the effective oxidation state of intercalated Na is close to
zero, which increases the potential difference to the cathode and thereby the energy
density of the system [24]. In spite of its promise, several challenges remain that impede
the commercial adoption of hard carbon, especially the relatively large irreversible
capacity and low rate capability. In addition, the low intercalation voltage, while generally
desirable, can itself become problematic: at high currents, the sodium deposition voltage
can increase, causing deposition of sodium to be energetically favoured over intercalation
– reintroducing the risk of dendrite formation that the use of intercalation anodes is
intended to prevent [24]. Alternative cathode materials that do not suffer from these
problems are also currently the subject of keen interest, including low-potential transition
metal oxides and alloying materials such as tin and red phosphorus. However, these bring
with them their own drawbacks, such as significant volume expansion or reduced energy
densities [24]. Another alternative that sidesteps many of these problems is to eschew the
use of a separate anode material entirely in favour of sodium metal anodes. The resulting
batteries are known as sodium-metal batteries, which elicit particular attention for their
substantially higher energy density. While their realization will require considerable
improvements in safety, their lithium counterparts (lithium-metal batteries) are actively
discussed as one of the major potential viable “post-lithium-ion” technologies [132]. If
these are one day made safe and usable, the benefits of sodium-metal batteries over
sodium-ion batteries may similarly be concluded to outweigh the risks.
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2.4.2

Sodium-metal cells

As calculated by equation (2.4), sodium metal has a theoretical maximum capacity of
1166 mA h g-1. However, this oft-cited figure will be exceedingly difficult to attain in
practice: full exploitation of a metal anode’s capacity would require 100% of it to be
oxidized (implying an N/P ratio of 1), dissolved in the electrolyte and moved to the
cathode. In order for this process to be reversible, the metal cations would have to
subsequently re-form a metal film on the current collector. Electrodeposition of alkali
metals is a highly complex process, difficult to control and as-yet poorly studied [133].
In the near term, therefore, it is likely that higher N/P ratios will be used; the large capacity
of sodium metal means that even if only one-third of a sodium metal anode were actually
utilized, it would still surpass the energy density of state-of-the-art carbonaceous anodes.
The danger of dendrite growth and eventual short-circuiting of sodium-metal batteries
cannot be overlooked and remains the major impediment to their real-world use. Archer
and co-workers [134] identify three prevailing philosophies for preventing dendrite
growth: regulating reactions at the metal anode surface, engineering mechanically robust
electrolytes or separators, and stabilizing ion transport. The first approach usually
involves manipulating the solid-electrolyte interface (SEI) of the anode surface, for
instance by coating the sodium metal surface with artificial SEIs. The other two
approaches can be undertaken by introducing solid-state electrolytes, which replace the
traditional configuration of a polyolefin separator and liquid electrolyte. The mechanical
strength of such solid electrolytes is usually higher than that of polyolefin separators and
their ion transport stability can be modulated by manipulating a variety of electrolyte
parameters, such as the ionic conductivity and cation transport number [134].
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The wide-ranging properties required of “solid electrolytes”, most prominently high ionic
conductivity coupled with negligible electronic conductivity, means a narrow set of
candidate materials come into consideration. These are generally divided into two classes:
inorganic materials, which are largely ceramics and glasses; and organic materials, i.e.
polymers [135]. Both material classes offer tantalizing gains over standard technologies
in mechanical durability and the resulting safety benefits [136]. Both are also at similar
stages of research and development efforts, and it is not clear which will be widely
translated into commercially viable solid-state batteries, nor indeed whether solid-state
batteries will be commercially viable in the short or long term. Inorganic electrolytes tend
to offer superior safety [137] and conductivity [138]. However, due to the processability
issues around inorganic electrolytes – high sintering temperatures, sensitivity to oxygen
and moisture, or lack of compatibility with roll-to-roll processing [139] – polymer-class
solid electrolytes may well represent the best medium-term compromise across the
relevant metrics, as summarized in Figure 1.

Figure 2.8: Relative performance of different electrolyte classes across important metrics. *: Properties of
glasses and ceramics are highly variable (e.g. sulphides tend to have high conductivities but are expensive
and toxic while the reverse is often true of oxides). **: Cost of polymer only. Knock-on benefits (such as
no need for thermal management systems in ceramics) are not considered. Source used for the rankings
are: ionic conductivity [136, 139, 140], interfacial contact [136, 137, 139], stable SEI [137, 138, 140, 141],
processability and cost [137, 139, 141, 142], leakage risk[142], dendrite suppression [136, 137, 139, 142],
mechanical strength [136, 138, 140], flexibility [138, 140, 142, 143]. This figure was recently published in
[144].
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2.4.3

Polymer electrolytes

2.4.3.1 Overview
Polymer electrolytes are a class of polymers that can conduct ions – Na+ ions in the case
of SIBs. They may be fully solid (solid-polymer electrolytes, or SPEs) or swollen with a
solvent (gel-polymer electrolytes, or GPEs). The gelling solvent in GPEs is not freeflowing but rather integrated into the polymer matrix, as the polymer and solvents
combine to form a single material – a benefit that can reduce potential electrolyte leakage
and resultant flammability issues [145].

Figure 2.9: Conduction mechanism of Na+ in polymers. In the case of gel polymers, the liquid phase also
contributes significantly to ion conduction. This figure was recently published in [144].

Aside from morphological differences, polymer electrolytes also conduct ions differently.
In liquid electrolytes, dissociated ions are largely able to move freely within the liquid as
part of a solvation shell. In SPEs, which contain no liquid phases, ions move through the
polymer network itself (Figure 2.9). GPEs, which contain both liquid and polymer phases,
can exhibit both liquid and solid mechanisms of ion conduction [146-148]; the relative
contributions of which depend on the polymer type and the amount of liquid phase in the
gel.

38

Chapter 2: Literature review

Given that liquids are broadly more conductive than polymers, raising the solvent uptake
of polymers by increasing porosity might be expected to be a straightforward way to
improve ionic conductivity, and indeed porosity is weakly correlated to ionic
conductivity. However, in at least some GPEs, liquid-filled pores are not major
contributors to the bulk ionic conductivity, which is instead dominated by conduction via
polymer chains and the immediately-surrounding solvent [146, 147, 149]. In addition, a
higher porosity also decreases a polymer’s mechanical strength.

Figure 2.10: Ionic conductivity of several classes of gel-polymer electrolytes vs porosity. Glass fiber (GF)
and composites are included for reference. A correlation between ionic conductivity and porosity is evident
across GPE classes. The following references are included: [150-157]. This figure was recently published
in [144].

The boundless structural variations that are possible in organic compounds mean that the
number of polymer types available as sodium-ion conductors is potentially vast,
especially considering the permutations available when combining multiple monomers in
copolymers. Any polymer containing sodium-solvating heteroatoms, most commonly
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nitrogen or oxygen, may be considered an a priori candidate polymer electrolyte. For
GPEs, the criteria are looser yet: the polymer must merely be capable of solvating the
molecules of the plasticizer, which opens the door to other heteroatoms (notably fluorine).
In practice, however, a comparatively small number of polymers are firmly established
for use as GPEs in SIBs. The largest class of SIB GPEs is P(VdF-HFP), a copolymer of
vinylidene fluoride and hexafluoropropylene. In the LIB field, this GPE was among the
first be implemented in commercial cells [158]. Its status as the “incumbent” GPE likely
explains its dominance in the SIB literature. Other widely-used polymers are
polyacrylonitrile (PAN), poly(ethylene oxide) (PEO) and Nafion.
2.4.3.2 Performance metrics of polymer electrolytes
The core performance metrics commonly used to describe GPEs are the ionic
conductivity, thermal stability, glass transition temperature, mechanical strength, and
electrochemical window. Ionic conductivity is by far the most widely reported physical
property in battery electrolyte literature. Virtually all publications describing new
electrolyte materials, or studying known ones, include this metric. This is, in part, because
it is easily measured, but also because it quantifies the most basic function of a battery
electrolyte: the ability of ions to move through it. This directly influences battery
performance metrics including capacity, efficiency, rate capability and lifespan [159]. In
addition, assessing the ionic conductivity is one of the most practical ways of
characterizing an electrolyte in isolation from other battery components. The
conductivities of GPEs are typically of the order of 10-4 S cm-1. In comparison, liquid
carbonate ester-based electrolytes have conductivities of 10-3 – 10-2 S cm-1. Figure 2.11
shows ionic conductivities of several GPE classes along with two commercial separators,
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glass fiber (GF) and polyolefin, for comparison. It is notable that no single polymer class
outperforms the rest: all have roughly comparable conductivities.

Figure 2.11: Conductivity ranges of GPE classes. Only polymers represented in at least two separate
publications are included to minimize the impact of unreproduced results. Glass fiber and polyolefins are
included as benchmarks. The following references are included: GF [160-163], GF composites [160, 163165], PAN [150, 153, 166-168], Nafion [169-171], PMMA [172-175], PVdF-HFP [151, 152, 155, 156,
176-181], poly(IL) [157, 182], polymer mixes [150, 183-189], PEO [190-194], polyolefin composites [195,
196], polyolefin [152, 162, 195, 196]. This figure was recently published in [144].

The choice of solvent and sodium salt form significant components of the bulk
conductivity of a given GPE. With non-gelling separators (i.e. polyolefins or glass fibre),
the McMullin number, which is the conductivity of an electrolyte-soaked separator
divided by the conductivity of the electrolyte itself, is used to compensate for this and
permit more straightforward comparisons of different separator-solvent combinations.
With GPEs, the combined polymer-solvent system is of interest. It is difficult to
differentiate the two components since swollen polymer chains carry substantial portions
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of the ions, meaning solvent-polymer interactions and the morphology of the resulting
gel are highly influential.
Arrhenius plots, in which the conductivity is plotted on a logarithmic scale against the
inverse of the temperature, are usually used to evaluate the temperature dependence of
conductivity. Linear plots suggest classic Arrhenius behaviour, in which conduction is a
purely thermally activated phenomenon, as described by the famous Arrhenius equation:
𝜅 = 𝜅0 𝑒 −𝐸𝑎/𝑅𝑇

(2.7)

where κ is the conductivity, κ0 the (ideally non-temperature-dependent) pre-exponential
factor, Ea the activation energy for ion movement, R the universal gas constant and T the
temperature.
However, both polymers and nonaqueous liquid electrolytes deviate significantly from
Arrhenius behaviour [197], although Arrhenius relationships are also occasionally
reported [173, 198]. The reasons for this are related to the complex and dynamic nature
of ion conduction in polymers [199] and the high ion concentrations common in both nonaqueous and polymer battery electroltyes [200], both of which lessen the influence of
thermal parameters. A variety of emperical models have been developed to describe nonArrhenius conductivity behaviour, although these are often not linked directly to physical
processes [197]. The most common for battery electrolytes is the Vogel-FulcherTammann (VFT) model, a modification of the Arrhenius equation in which the
conductivity exponentially approaches zero at a temperature T0:
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𝜎 = 𝜎0 𝑒

−

𝐸𝑎
𝑅(𝑇−𝑇0 )

(2.8)

T0 does not have any direct physical meaning and there remains much debate about how
to describe the differing conductivity behaviour of ions in different media. New models
and interpretations of existing models continue to be proposed even today [197, 200].
Most publications on sodium-ion conducting polymer electrolytes discuss performance
metrics in isolation, without comparing them to their LIB counterparts. It is true that in
many aspects, the fundamentals of SPEs are the same for LIBs and SIBs – such as the
general superiority of amorphous polymers over crystalline ones. However, to date there
has been relatively little targeted research on the interactions of sodium ions with
polymers. It is often assumed that the behaviour of sodium ions in polymer electrolytes
is similar to those of lithium-ions, and in fact this transferability is frequently cited as one
of the advantages of sodium-ion technology. Nevertheless, in a few aspects, sodium ions
may behave quite differently to lithium ions. A key difference between sodium and
lithium is sodium’s lower Lewis acidity, which impacts solvation strengths. In liquid
electrolytes, many solvent molecules are known to associate less strongly to sodium ions
than lithium ions [201]. In polymer electrolytes, a lower solvation strength can result in a
diminished ability to dissolve sodium ions, but also in increased conductivity, as ions
travel more easily from one coordination site to the next. This effect can be counteracted
in unexpected ways: Sångeland et al. have noted that the sodium cation’s larger size
relative to lithium can result in a higher coordination number in polycarbonate
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electrolytes, leading to a stiffer structure, higher glass transition temperature (Tg) and
lower conductivity [202].
The effect of differing mechanical properties of sodium and lithium on dendrite formation
and growth can also be ambiguous. Sodium metal is considerably softer than lithium,
making it easier to inhibit sodium dendrite penetration through shear-resistant polymer
electrolytes [203]. On the other hand, sodium dendrites, once formed, break away more
easily from the metal anode, resulting not only in capacity loss but also, with some
polymers, a heightened risk of short-circuiting via penetration of the sodium fragments
into the separator [204]. Overall, however, short-circuiting appears to play a lesser role
in the failure of sodium-metal battery cells than more gradual phenomena like SEI
growth. This behaviour is in contrast to lithium-metal batteries, where short-circuiting is
the major concern [203].
2.4.3.3 Polyurethane-based gel-polymer electrolytes
Polyurethanes are a class of polymers containing carbamate links (Figure 2.12a), although
they usually also contain higher proportions of other repeating functional groups like
ethers or esters. Thus, to avoid ambiguity, they are formally defined as the
polycondensation product of a diisocyanate and a diol [205] (e.g. Figure 2.12b). Two
diisocyanate compounds dominate the polyurethane market: methylene diphenyl
diisocyanate (as in Figure 2.12b) and toluene diisocyanate. The most frequently used diols
are polyethers like poly(ethylene glycol).
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Figure 2.12: (a) molecular structure of the carbamate functional group, (b) a typical example of the
reactants used in polyurethane synthesis and the resulting product

The abundance of polar functional groups and atoms in the polyurethane structure gives
rise to significant intermolecular bonding between chains via hydrogen bonding and
dipole-dipole interactions. This makes polyurethanes extremely mechanically stable and
allows their physical properties to be tailored by modifying chain lengths and
heteroatoms. Accordingly, individual formulations vary widely from very rigid to very
elastic; their applications are correspondingly diverse. Flexible polyurethane foams are
components of furniture and footwear, while more rigid polyurethanes are widely used in
insulation and packaging. They have also seen widespread application as coating
materials for a variety of products, including medical devices [205].
A highly elastic subclass of polyurethanes known as segmented polyurethanes (SPUs) are
popular in a variety of specialized applications, such as adhesives, coatings or impactabsorbers [206]. SPUs are block copolymers containing two different diol components: a
short-chain diol (also called chain extender) and a long-chain diol (polyol). These are
arranged in alternating “blocks,” with the short diols forming rigid segments of the
polymer chain and the long diols forming softer segments (Figure 2.13a). The two diols
are often simply ethylene glycol chains HO(CH2CH2O)nH of different lengths n.
Common examples of short-chain and long-chain diols are ethylene glycol (n=1) and
polyethylene glycol (n>100), respectively (Figure 2.13b). This regular arrangement of
short-chain and long-chain chain segments allows for even more extensive intermolecular
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bonding between like groups than in standard polyurethanes, a phenomenon known as
“virtual crosslinking” [205, 207]. The resulting structure, which is often likened to a
network of springs and weights, is responsible for many of the desirable characteristics
of SPUs, including their high elasticity and reversible deformability [208].

Figure 2.13: (a) general structure of segmented polyurethanes, with a block copolymer structure consisting
of alternating hard and soft blocks; (b) example of a segmented polyurethane structural formula with the
hard and soft segments coloured green red, respectively; (c) schematic representation of the “virtual
crosslinking” network structure that gives segmented polyurethanes their high elasticity and mechanical
strength. (c) was redrawn from [207]
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Among the attractive properties of polyurethanes is the ability of many of them to absorb
liquid solvents to form gels, known as hydrogels when water is the swelling medium and
organogels for organic solvents, which retain much of the mechanical strength of the
“dry” polymer. Polyurethane-based hydrogels are widely used in health care applications,
for instance as biocompatible coatings, tissue scaffolds or artificial muscles [209].
Polyurethane-based organogels are much less explored, possibly because of the logistical
difficulties posed by the higher volatility of many organic solvents [210] and because
some organic solvents can break up the virtual crosslinking network of segmented
polyurethanes [207]. They have, however, seen some use as gel-polymer electrolytes for
LIBs, where solvents are often high-boiling. The majority of polyurethane-containing
GPEs have been composites with other polymers such as PVdF-HFP [211] or
poly(acrylonitrile) [212]; it is unclear why pure polyurethanes are less common. Both
segmented and non-segmented polyurethanes have been used, but although they might be
expected to exhibit rather different properties, there has to date been no systematic study
comparing their suitability as GPEs.
Interestingly, there are also some reports of polyurethane-based solid polymer
electrolytes, although these usually contain very long PEG or PEO chains (Mw>2000)
[213, 214] and thus more closely resemble PEO in their solvation behaviour and
electrochemical properties.
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Figure 2.14: (a) structure of the polyurethane used as a GPE by Park et al.; (b) conductivity as a function
of DEC content, (c) cycling performance in a Na3V2(PO4)3|GPE|Na coin cell. (b) – (c) are reproduced from
[215] with permission from Elsevier.

Only one work has been published to date on polyurethane-based GPEs for SIBs. In 2019,
Park et al. [215] reported on a commercially available segmented thermoplastic
polyurethane based on diphenyl isocyanate; the soft segments were polyester chains
(Figure 2.14a). When plasticized with an EC:PC:DEC mixture, this polyurethane formed
a free-standing GPE with a room-temperature ionic conductivity of 1.5 mS cm-1. The
authors also experimented with a range of EC:PC:DEC ratios and found an optimal ratio
of 5:2:3 (Figure 2.14b). The material was tested in a SIB coin cell against a Na3V2(PO4)3
cathode and a sodium metal anode, which exhibited stable cycling over 200 cycles (Figure
2.14c).
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3 Materials and Methods
3.1

X-ray diffraction

As detailed in the previous chapter, a given material’s crystal structure – i.e. the geometry
in which its constituent atoms are ordered – is a fundamental consideration when probing
its other physical properties. The human eye cannot perceive individual atoms: the
wavelength of visible light (~5x10-7 m) is far too large to be able to interact with objects
on the scale of atoms (~10-10 m), as follows from the Rayleigh criterion describing the
smallest possible resolvable distance δ by a lens:

𝛿=

0.61𝜆
𝜇 sin𝛽

(3.1)

where λ is the wavelength of light (or other radiation) used, µ the refractive index of the
viewing medium (e.g. air) and β one-half of the viewing angle. The resolution of a given
microscope is therefore wavelength-limited. The type of radiation with the appropriate
wavelength is x-radiation. Because the refractive index of the interaction of x-rays with
almost all matter is near unity, meaning x-radiation cannot be focused using a lens, they
cannot be used to visualize atoms directly [216]. However, they still interact with atoms
in other ways: for instance, they are scattered by the electron shells of atoms. If atoms are
arranged in a regularly repeating fashion, as is the case for crystalline materials, the
interference of the scattered x-rays produces a periodic pattern; this type of scattering is
known as diffraction. The diffraction angle θ is directly related to the distance d between
each layer of equivalent atoms as per the Bragg equation, named after the Australian
scientist who discovered the relationship in the early 20th century:
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(3.2)

n is the order of reflection; for the purpose of calculating the lattice spacing, the first order
of reflection (n = 1) is always used [216]. Having calculated d, one can further calculate
the lattice constants of the material’s smallest unit cell. Seven different crystal structures,
each with a distinct unit cell geometry, exist: cubic, tetragonal, hexagonal, orthorhombic,
rhombohedral, monoclinic and triclinic (Figure 3.1). For each of these crystal systems,
equations for the lattice constants a, b, and c and the angles α, β and γ have been derived.
For the highest-symmetry system, the cubic structure, in which all sides of the unit cell
are of equal length and all angles are 90°, this is relatively straightforward and can be
calculated by hand. Lower-symmetry systems are more complex and are usually solved
with the help of software specifically designed for the task.
Figure 3.1, left: generalized unit cell with labelled lattice parameters a, b, c, α, β and γ; right: restrictions
of the lattice parameters for each of the seven crystal systems

Crystal
System

Lattice parameters

Cubic

a = b = c, α = β = γ = 90°

Tetragonal

a = b ≠ c, α = β = γ = 90°

Hexagonal

a = b ≠ c, α = β = 90°, γ = 120°

Orthorhombic

a ≠ b ≠ c, α = β = γ = 90°

Rhombohedral

a = b = c, α = β = γ ≠ 90°

Monoclinic

a ≠ b ≠ c, α = γ = 90°, β ≠ 90°

Triclinic

a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90°
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3.2

Scanning electron microscopy

X-ray diffraction offers invaluable information about the structure of the material being
studied, but it gives no information about its morphology – i.e. its surface structure and
the shape, size, and homogeneity of its particles. The maximum resolution of
conventional optical light microscopes, which is limited by the wavelength of visible light
used, is around 200 nm [217] – much too low to image the features of interest of most
battery electrode materials (10 – 500 nm). As mentioned previously, the type of radiation
with the most appropriate wavelength, x-radiation, is poorly suited to microscopy because
of its refractive index of ~1 for most materials (meaning it cannot be focused) [216].
Fortunately, electrons, which per the concept of wave-particle duality also exhibit
characteristics of waves, also have wavelengths appropriate for imaging nanomaterials.
From the de Broglie wave equation, which relates a particle’s momentum to its
wavelength, electrons have wavelengths on the order of 10-10 m, comparable to those of
x-rays. A beam of electrons can thus, in principle, be used in place of light in a
microscope. This naturally requires some modifications in the experimental setup; most
significantly, the electrons are focused by electromagnetic coils rather than glass lenses
and a high-vacuum environment is required in the observation chamber [218]. However,
the operational fundamentals of electron microscopes are the same as those of optical
microscopes: an electron beam (0.1 – 50 keV in energy, depending on the sample and
desired image parameters) is aimed at a sample and the spatial distribution of the scattered
electrons are detected to create an image.
Electrons from the microscope beam current interact with the atoms of the sample in a
variety of ways, which can be grouped into elastic and inelastic collisions. Inelastic
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collisions provide the bulk of the electrons used to generate most SEM images in the form
of “secondary electrons” – electrons expelled from the sample by the incoming “primary”
electrons. A smaller portion of incoming electrons undergoes elastic collisions with the
sample atoms. Those elastically scattered electrons that are flung back towards the
detector within a 90°-window are called “backscattered electrons” and are also used to
form the sample image.

Figure 3.2: illustration of the main electron-sample interactions used in generating an SEM image

The ratio of secondary to backscattered electrons generated can range from below 10%
to 50% and depends on the atomic number of the scattering atom [218]. In addition to
backscattering and the generation of secondary electrons, a number of other inelastic
scattering interactions can also take place under an electron-irradiated sample, such as
Auger electron effects and x-ray generation. While these phenomena do not generally
contribute to the image generation, they can sometimes be useful in determining other
sample characteristics, such as the elemental composition of the surface.
An electron beam, like any conventional form of radiation, can damage sensitive samples,
especially those containing light elements such as carbon and nitrogen, reducing image
quality. Prussian Blue analogues, which contain both C and N as well as crystal water,
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are known to be susceptible to electron beam damage [219]. It is common to sputter-coat
such samples with a thin (~10 nm) protective conductive layer; gold, silver and platinum
are common choices. For very high resolutions, thinner coatings (1-2 nm) are necessary,
requiring the use of different metals with smaller grains, such as chromium or tungsten
[218].

Figure 3.3: illustration of the various mechanisms of interaction between the electron beam and specimen
atoms in an SEM. Redrawn from [220].

In this work, SEM images were obtained on a JEOL JSM-7500FA, which uses a field
emission electron source and a high-vacuum imaging environment. An acceleration
voltage of 5 kV was used. Powder samples were finely milled with a mortar and pestle,
mounted on a conductive carbon tape and sputter-coated with a 15 nm layer of platinum
before imaging. Gel-polymer specimens were prepared by critical-point drying, mounted
on conductive carbon and sputter-coated with a 15 nm layer of platinum.
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3.3

Tunnelling electron microscopy

The resolution of scanning-electron microscopes can be surpassed by using higher-energy
electrons (100 – 1000 keV [221]), which allows them to pass through the sample rather
than deflect from its surface. From de Broglie’s equation, it follows that faster electrons
have shorter wavelengths, meaning (as per the Rayleigh criterion) they permit higher
resolutions [220]. In practice, the maximum resolutions of most conventional TEMs are
10 – 50 times better than those of conventional SEMs [221]. The need for the electron
beam to fully penetrate the sample means that the thickness requirements are more
stringent for TEM samples than for SEM: though it can vary depending on density and
composition, most TEMs require a maximum material or particle thickness of
100 – 200 nm for optimal imaging [220].
Given that the main difference between the operating principle of TEM and that of SEM
is the use of transmitted rather than reflected electrons, it is unsurprising that the modes
of electron-sample interaction are similar. In addition to the transmitted beam, a variety
of other signals can be produced, including secondary and backscattered electrons and xrays (Figure 3.3), all of which can be useful in some aspect of TEM analysis. Detecting
the reflected as well as transmitted electrons, in effect combining the functionalities of
SEM and TEM, is the principle of scanning transmission electron microscopy (STEM).
This technique allows the resolution to be improved further yet down to the atomic scale.
Another specific imaging mode of TEMs, known as high-resolution transmission
electron microscopy (HRTEM), also permits the resolution of crystal lattices at the atomic
scale. The key principle involved in HRTEM is the exploitation of phase contrast, i.e.
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analysing the diffraction pattern produced by the interference of many scattered electrons
[222].
In this work, transmission electron microscopy was conducted on a JEOL JEMARM200F at 200 kV with the kind assistance of Dr. David Mitchell of the UOW Electron
Microscopy Centre. Specimens were prepared by dispersing a small amount of powder
sample in acetone via sonication. A single drop of the resulting dispersion was pipetted
onto a lacey carbon film mounted on a copper support grid and allowed to dry.
3.4

Energy-dispersive x-ray spectroscopy

SEM and TEM produce high-resolution images of material surfaces at the nanoscale. The
images obtained by mapping the origin of secondary and backscattered electrons do not,
however, contain information about the material’s chemical composition. This is often
desirable for a number of purposes, such as verifying the material’s homogeneity (or
heterogeneity) or assessing the effects of chemical processes (e.g. the passivation of an
electrode surface during battery cycling). Fortunately, electrons and the atoms contained
in the specimen interact in other ways that allow the identification of elements present.
The primary source of compositional information is x-radiation: the removal of an atom’s
electron resulting from an external electron beam puts the atom into an excited state,
which can be relaxed by another electron from a higher-energy outer shell filling the
newly created electron hole. The freed energy can be released in the form of an x-ray.
Because only a few kinds of electron transitions from outer to inner shells are permitted,
the observed energy of the emitted x-ray is highly discrete. Auspiciously for the purpose
of elemental analysis, it is also characteristic of the atom from which it originated [220,
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223]. The use of stimulated x-ray emission to analyse an SEM or TEM sample’s chemical
composition is known as energy-dispersive x-ray spectroscopy (commonly abbreviated
as either EDS or EDX). By scanning across a specimen area and overlaying the result on
an SEM or TEM image, EDS can be used to produce both qualitative and quantitative
“maps” of the element distributions.
3.5

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique that allows identification of the
atoms present in a specimen and provides information on their bonding environments.
Like XRD, XPS involves subjecting the specimen to an x-ray beam; however, in XPS,
the interaction of interest is the ejection of electrons from collisions with the x-ray
photons, rather than the scattered x-rays themselves. The kinetic energy of the electrons
emitted by the sample is characteristic for their atoms of origin and their immediate
neighbors. XPS can thus provide both the overall elemental composition of a sample and
specific information on the bonding environment of the atoms present within it. An
important feature (or caveat) of the technique is that only electrons within 10 nm of the
surface form the XPS signal; the remainder lose their specific kinetic energy through
collisions with sample atoms and form the spectral background [224].
In this thesis, XPS measurements were performed on a ThermoScientific NEXSA.
3.6
3.6.1

Electrochemical characterization
Electrode preparation

Carboxymethyl cellulose (CMC) was used as a binder and either Super-P® or Ketjen
Black® as a conductive additive. To confirm their interchangeability, electrodes
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containing Super-P and Ketjen Black were assembled and tested under identical
conditions and found to result in equivalent electrochemical performance. The active
material, binder and conductive additive were ground together in a 7:1:2 ratio using
mortar and pestle until optically homogeneous; the resulting powder mixture was
suspended in ca. 10 drops of deionized water and ball-milled into a viscous slurry for
5 minutes using a Kurabo Mazerustar KK-2505 planetary mixer. The slurry was then
coated onto a strip of aluminium foil using a Baker applicator. The water was allowed to
evaporate and the coated aluminium sheet dried at 80 °C in low vacuum overnight.
Subsequently, circular electrodes 6 – 10 mm in diameter were cut from the coated sheet,
pressed between two polished stainless steel blocks at 30 MPa using a hydraulic press,
and stored under ambient conditions until use.
3.6.2

Electrolyte preparation

Except where otherwise stated, the liquid electrolyte consisted of a 1 mol l-1 NaClO4
solution in a 1:1 (v/v) mixture of ethylene carbonate (EC) and propylene carbonate (PC)
with an additional 2% fluoroethylene carbonate (FEC) by volume. The electrolyte was
prepared in a glove box and stored for no longer than 2 months. In the case of gel-polymer
electrolytes, the polymers were immersed in liquid electrolyte for at least 12 hours before
use. Excess free-flowing electrolyte was removed by dabbing on a paper towel before
insertion into the coin cell.
3.6.3

Coin cell preparation and testing

Coin cells were prepared in an MBraun glove box in an argon atmosphere with oxygen
and water contents below 1.0 ppm. Unless otherwise stated, glass fibre (Whatman GF-A
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or GF-D) was used as the separator and sodium metal disks as the counter-electrode. The
separator was wetted with one drop of electrolyte on each side. Stainless steel spacers and
springs were used to ensure interfacial contact between the electrodes and separator.
3.6.4

Galvanostatic battery cycling

Galvanostatic battery cycling was performed on Neware testers using 2032 coin cells. All
coin cells were allowed to rest for 10 hours after preparation to ensure maximal wetting
of the separators and electrodes. For routine cycling tests, each coin cell was cycled once
at a current density of 10 mA g-1 for SEI formation and at 100 mA g-1 for subsequent
cycles. All stated current densities are based on the amount of active material in the
respective coin cell.
3.6.5

Cyclic voltammetry

Cyclic voltammetry (CV) involves potentiostatic oxidation or reduction of a sample while
measuring the current. It is useful in identifying discrete redox processes occurring while
charging/discharging a battery material. In this work, CV data were collected on a BioLogic VMP3.
3.6.6

Characterization of the diffusivity of Na+ in Prussian Blue

A central component of an intercalation electrode material for SIBs is its ability of Na+
ions to easily move through it. The most straightforward way to describe this is as solidstate diffusion, which is defined simply as the movement of matter (in this case Na+ ions)
through some type of solid (in the case of this work, Prussian Blue analogues). The
driving force for diffusion can be a concentration gradient or an external force, such as
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an electric field. The starting point for almost all quantitative treatments of diffusion is
Fick’s first law, expressed here in one dimension [225]:

𝐽𝑥 = −𝐷

𝜕𝐶
𝜕𝑥

(3.3)

1 dn

Here, Jx is the particle flux (defined as A dt , or the quantity of matter n moving through a
given area A over a given time), D the diffusion coefficient, C the concentration in moles
(or individual particles) per unit volume and x the length across which the diffusion takes
𝜕𝐶

place. 𝜕𝑥 thus represents the concentration gradient of the system. While Fick’s first law
of diffusion can also be expressed in three-dimensional space, the one-dimensional
formulation is generally used for routine analysis in battery applications due to its
simplicity and ease of interpretation. The diffusion coefficient D, defined by this equation
as the proportionality constant between the particle flux and the concentration gradient,
has units of area per time (usually cm2 s-1). It is widely used to describe all manner particle
movement in solids and has become a standard method of characterizing cation transport
in battery electrode materials [22]. Multiple techniques have been developed to permit its
determination using standard laboratory equipment. Two of these techniques have been
used in this work: Galvanostatic intermittent titration technique (GITT) and the RandlesSevcik method (also known as slow scan cyclic voltammetry).
3.6.6.1 Galvanostatic intermittent titration technique
Galvanostatic intermittent titration technique, or GITT, is usually done using standard
coin cells or three-electrode configurations. It involves charging or discharging a battery
at a low, constant current (commonly 0.1 C) in a sequence of short “bursts” (at most ca.
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10% of a full charge or discharge) followed by rest periods of 30 – 60 minutes. From the
change in voltage after each of these current pulses, the number of ions transported into
and through the Prussian Blue lattice can be calculated, which in turn permits calculation
of the flux J. By combining Fick’s first law with the Nernst equation and through a
number of simplifications and assumptions, an equation allowing the calculation of the
diffusion coefficient using the change in open-circuit voltage after each current pulse can
be derived [226]:

𝐷=

4 𝑚𝐴𝑀 𝑉𝑀 2 ∆𝐸𝑠 2
(
) (
)
𝜋𝜏 𝑀𝐴𝑀 𝐴
∆𝐸𝑡

(3.4)

where τ is the duration of the current pulse, mAM the mass of the active material (Prussian
Blue in the case of this work), VM the molar volume of the active material, MAM the molar
mass of the active material, A the surface area of the electrode, ΔEs the change in steadystate voltage and ΔEt the raw change in voltage during each current pulse. To eliminate
contributions from the electrolyte and interfacial resistance, the IR drop is subtracted from
ΔEt. The accuracy of Equation (3.4) is contingent on the validity of several assumptions
made during its derivation. First, both the concentration of the diffusive species (in this
case Na+) and the electric potential must be constant throughout the electrode. This can
be achieved to an acceptable approximation by fabricating the electrode with a volumetric
excess of conductive additive to maximize the electrical conductivity and using as thin an
electrode as possible. This has the additional beneficial effect of keeping deviations of
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the calculated area from the real effective surface area due to porosity to a minimum
[227].
In this work, GITT was carried out using current pulses of 10 mA g-1 at durations of
10 minutes each, followed by rest periods of 30 minutes each. The experiments were
conducted on Neware testers using 2032 coin cells of the same configuration and
composition as described in Section 3.6.2 and Section 3.6.3. To ensure full formation of
the SEI layer, each coin cell was cycled three times at 10 mA g-1 before conducting the
GITT steps. The data were evaluated using a Python algorithm.
To satisfy one of the mathematical simplifications made to derive equation (3.4), the
voltage must be linear with respect to the square root of time. The validity of this
condition can be tested by plotting V against √𝑡; the resulting graph should be linear
[228]. V-vs.-√𝑡 plots were generated for each step, e.g.:

Figure 3.4: plot of voltage against the square root of time during a GITT step

Deviations from a linear relationship were found only at extreme states of charge (i.e.,
near full discharge and full charge).
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3.6.6.2 Randles-Sevcik method
A material’s diffusion coefficient can also be determined using CV. This involves
multiple CV scans at increasing voltage differentials over a wide voltage range, which in
turn causes increasing currents to flow. As demonstrated by Randles and Sevcik, for
whom the method is named, the diffusion coefficient of the intercalating species can be
calculated by plotting the current maxima against the square root of the voltage
differential used. The diffusion coefficient D can then be calculated from

𝑖𝑚𝑎𝑥 = 0.4463𝑛𝐹𝐴𝐶 √

𝐹𝐷𝑣
𝑅𝑇

(3.5)

Wherein imax is the maximum current in A, n the stoichiometric number of electrons
involved in the reaction (in this work, 1), F the Faraday constant (96,485 C mol-1), C the
concentration (in this work, 1 mol l-1), D the coefficient of diffusion, v the scan rate in
V s-1, R the universal gas constant (8.31 J mol-1 K-1) and T the temperature in K.
Unlike GITT, this technique yields diffusion coefficients only for the state of charge at
which the CV peak occurs.
3.6.7

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy involves applying an alternating current (or
alternating voltage) at a range of frequencies, which results in a slightly phase-shifted
voltage (or current) response. Using Euler’s formula to represent the response as a
complex exponential function, the real and imaginary components of it can be extracted,
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which correspond to the in-phase and out-of-phase components. Plotting the imaginary
components against the real components obtained at each frequency results in a Nyquist
plot. Such plots can be modeled to extract a wide variety of properties of an
electrochemical system or its constituent materials, such as various resistance parameters
(interfacial, charge-transfer, etc.), diffusivity and double-layer capacitance. The Nyquist
plots of simple systems can also yield some information even without modeling: for
instance, the diameters of the semicircles that are commonly seen for capacitive systems
is related to the cell resistance.
In this thesis, electrochemical impedance spectra were collected on a Bio-Logic VMP3
at a frequency range from 100 mHz to 100 kHz.
3.6.8

Ionic conductivity measurements

The ionic conductivity κ is the reciprocal of the ionic resistivity ρ which is in turn a
function of the distance l across which ions are to be conducted (i.e. electrolyte thickness),
the cross-sectional area A of the electrolyte and the bulk resistance R0 [128]:

𝜅=

1
𝑙
=
𝜌 𝑅0 𝐴

(3.6)

R0 is typically measured using a symmetrical two-electrode cell, in which the polymer
electrolyte is sandwiched between two identical nonpolarizable electrodes [229].
Nonpolarizable electrodes are required in order to exclude non-electrolyte contributions
to the resistance measurement, such as charge-transfer resistances and solid-state
diffusion resistance [128]. Liquid electrolytes and many GPEs exhibit high conductivities
which – coupled with low dielectric capacitance of the symmetrical cell systems – result
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in impedance spectra that are linear across the typical frequency range of 1 – 105 Hz. In
this case, the bulk resistance may be extracted by simply extrapolating to the real axis.
3.7
3.7.1

Thermo-mechanical characterization
Differential scanning calorimetry

Differential scanning calorimetry (DSC) is used to characterize a material’s thermal
properties by measuring the quantity of heat it absorbs or releases as it is heated. This can
yield information about physical or chemical changes it undergoes – e.g., decomposition
reactions, oxidation or glass transitions. In this work, two DSC instruments were used.
Experiments at below-ambient temperatures were carried out on a NETZSCH DSC
204F1 Phoenix using liquid nitrogen as a coolant. For measurements above room
temperature, a Mettler-Toledo TGA/DSC 1 was used.
3.7.2

Thermo-gravimetric analysis

In thermo-gravimetric analysis, the weight of a sample is monitored as it is heated. The
technique is used to probe decomposition processes that involve the release of a gaseous
decomposition product. It can also provide information on the quantity of volatile
adsorbed or coordinated molecules, such as H2O. In this thesis, TGA is primarily used to
determine the crystal water content of Prussian Blue analogues.
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Figure 3.5: TGA and DSC data of a Prussian Blue analogue (top) and concurrent evolved-gas analysis
(EGA) using mass spectrometry. An H2O-related peak detected in the EGA in the region of I (25–200 °C)
is not shown. Reprinted from [230] with permission from Springer Nature, copyright 2012.

TGA data of PBAs is often complex, as PBAs undergo multiple discrete decomposition
steps. These include the release of crystal water, a multi-step breakdown of the cyanide
groups and subsequent release of (CN)2 gas, and the release of adsorbed atmospheric
species like CO2 [230]. Although TGA is a widely-used technique in the literature, there
is no universally agreed-upon definition by which to quantify Prussian Blue crystal water
content. Different authors use different cutoffs for the temperature at which crystal water
is fully removed from the sample, ranging from 150 °C [231], 200 °C [232], 220 °C [73]
and 250 °C [115] to 300 °C [75, 108, 113, 116]. However, most coupled thermo65
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gravimetric mass-spectrometry (TG-MS) experiments have demonstrated that crystal
water is removed during the first major weight loss event, which finishes at around 180–
220 °C, depending on the specific material [230, 231, 233]. An example from Aparicio
et al. [230] is reprinted in Figure 3.5. H2O release was detected during the weight loss of
step I, while the decomposition events at 250–300 °C were accompanied by (CN)2
release. Thus, the total weight loss at 200 °C will be used to quantify the amount of crystal
water in the PBAs in this thesis.
In this work, TGA was performed simultaneously to DSC measurements on a MettlerToledo TGA/DSC 1 at a scan rate of 5 °C min-1 from room temperature to 500 °C.
3.7.3

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) probes the viscoelastic properties of materials by
exerting a periodic stress and measuring the resulting strain (or vice versa). In viscoelastic
materials, the strain response is slightly offset from the strain because some of the energy
exerted by the stress dissipates in the form of heat – the more viscous the material, the
greater the offset. If the applied stress σ has the form
𝜎 = 𝜎0 sin 𝜔𝑡

(3.7)

where ω is the frequency and t the time, the resulting strain ε can be described by
𝜀 = 𝜀0 sin(𝜔𝑡 − 𝛿)

(3.8)
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where δ is the phase angle (a measure of the offset). The elastic modulus E is defined as
𝜎

the ratio of stress to strain ( 𝜀 ), but since in viscoelastic materials ε is a function of the
phase angle δ, E becomes a complex function:
𝐸 ∗ = 𝐸 ′ + i𝐸′′

(3.9)

where i is the imaginary unit. E' and E'' – the in-phase and out-of-phase components of E
– represent the elastic and viscous components of the strain, respectively. The ratio of E'
and E'' is equivalent to the tangent of the phase angle (tan δ). These three properties are
commonly reported for viscoelastic materials.
DMA is used in a diverse range of applications, especially where the oscillatory nature of
the measurement reflects the nature of stress or strain the material is subjected to. It is
also an estimated 100 times more sensitive to glass transitions than DSC and therefore
frequently used to determine glass transition temperatures [234].
In this work, DMA measurements were performed on a NETZSCH DMA 242 at a
constant strain of 1%. Rectangular samples with dimensions of ca. 5 mm x 20 mm and
thicknesses of ca. 120 µm were used. The samples were cooled to -100 °C using liquid
nitrogen and held at this temperature for 15 min before starting the measurements.
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4 Epitaxial Prussian Blue heterostructures for sodium-ion
batteries
4.1

Introduction

Because of their cheaper and more abundant raw materials, sodium-ion batteries (SIBs)
have come into the focus of researchers worldwide as a potential alternative to lithiumion batteries (LIBs) [29], especially in the domain of stationary energy storage [235]. For
the moment, however, their real-world viability remains held back by the paucity of
scalable, high-energy and stable electrode materials. The biggest classes of SIB cathode
materials are metal oxides, metal phosphates, NASICON-type materials, and Prussian
Blue analogues (PBAs). The lattermost group is considered particularly encouraging
because of their simple and inexpensive synthesis and their high conductivities, which
are rooted in their open framework structure that allows rapid diffusion of Na+ ions [63].
PBAs, or metal metallocyanides, resemble metal-organic frameworks in which two
metals – usually Fe and another 3d transition metal – are bridged by cyanide ligands to
form a cubic or near-cubic lattice; Na+ ions or H2O molecules occupy the interstitial
cavities. Among the PBAs studied to date, sodium manganese ferrocyanide (MnPB)
exhibits one of the highest capacities due its two redox-active metals Mn and Fe [88].
However, this initially high capacity decays rapidly during battery cycling; it is generally
agreed that this is rooted in the Jahn-Teller distortions the MnN6 octahedra undergo when
Mn2+ is oxidized to Mn3+ [63, 64, 88, 89]. The strain exerted by this distortion destabilizes
the lattice, causing it to gradually but continuously break apart. Charge disproportionation
of Mn3+ followed by dissolution of Mn ions, a phenomenon known to contribute to the
cycling instability of many Mn-containing compounds used in LIBs [236], may also play
68

Chapter 4: Epitaxial Prussian Blue heterostructures for sodium-ion batteries

a role [90], although this has not yet been confirmed for Mn-containing PBAs specifically.
Strategies to improve the cycle life of MnPB have included coating with protective
polymer layers [89, 237], doping with electrochemically inactive elements such as Ni [68,
103, 104] or Sn [238] and dehydrating the structure [105]. However, all of these methods
have disadvantages in terms of cost or scalability.
In this work, we report on a method of stabilizing MnPB via an epitaxial outer layer of
nickel ferrocyanide (NiPB). The electrochemical properties of NiPB are the mirror image
of MnPB: a low but extremely stable capacity [108, 113]. The similar lattices of these
two materials [80] means that they can be coupled to one another if one is grown on the
surface of the other. Epitaxial growth, in which a material’s crystal layers have the same
orientation as those of the substrate they are grown on, is known to contribute to the
stability of certain Jahn-Teller-distorted phases that would not be stable on their own,
such as spinel Mn3O4 grown on MgO [239]. There have been a few reports of epitaxially
grown materials used in LIB cathodes [240, 241]. A few epitaxial Prussian Blue
heterostructures have also been reported elsewhere, mainly focusing on their magnetic
properties [242-245]. To our knowledge, this is the first report of a Prussian Blue phase,
and the first Jahn-Teller distorted SIB cathode material, whose oxidized form is
epitaxially stabilized. A recent work by Huang et al [77] on a hollow MnPB@void@NiPB
core-shell relied on the creation of voids within the particles and between the phase layers
and did not address the Jahn-Teller dynamics. The one-step procedure reported herein,
relying on the asymmetric chelation of Ni2+ and Mn2+, also improves on the synthesis
procedure of previously reported core-shell materials, which has to date always required
multiple steps.
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4.2
4.2.1

Experimental Section
Material synthesis

In a 150 ml Erlenmeyer flask, tribasic sodium citrate dihydrate NiCl2·6H2O and
Mn(CH3CO2)2·4H2O (see table below for quantities) were dissolved in 100 ml of
deionized water to create Solution A and stirred for 30 minutes to allow for maximum
complexation of Mn2+ and Ni2+ ions. In a 500 ml round-bottom flask, Na4Fe(CN)6·10H2O
(2.06 g, 4.25 mmol) was dissolved in 100 ml of deionized water to create Solution B.
Using a dropping funnel, Solution A was added to Solution B (5 drops per minute). The
reaction was stirred at room temperature for 24 hours and then aged for a further 24 hours.
After centrifuging and washing twice with deionized water, the product was dried
overnight in vacuum at 80 °C.
Material
Designation
MnNiPB-0xcit
MnNiPB-2xcit
MnNiPB-4xcit
MnNiPB-6xcit
MnPB
NiPB

4.2.2

NiCl2·6H
2O
0.539 g
0.539 g
0.539 g
0.539 g
–
0.808 g

Mn(CH3CO2)2·
4H2O
0.278 g
0.278 g
0.278 g
0.278 g
0.833 g
–

Sodium
citrate
0g
2.00 g
4.00 g
6.00 g
4.00 g
4.00 g

Physico-chemical characterization

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a ThermoScientific
NEXSA and evaluated with CasaXPS. X-ray diffraction patterns were recorded on a
PANalytical Empyrean using Cu Kα1 radiation (λ = 1.5406 nm) and analyzed using
GSAS II. Rietveld refinements were carried out using FullProf software. To ensure
coherent alignment of the detector, XRD spectra used to compare peak shifts were
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obtained in the same session. Scanning electron microscope images were recorded using
a field-emission JEOL JSM-7500. TEM images and EDS analyses were obtained on a
JEOL JEM-2010. Elemental compositions were determined via inductively coupled
plasma optical emission spectrometry (ICP-OES). Water contents were evaluated via
thermogravimetric analysis (TGA) using a Mettler-Toledo TGA/DSC 1.
Electrode preparation: A slurry consisting of a 7:2:1 mixture, by mass, of active material,
carbon black (Sigma Aldrich) and sodium carboxymethyl cellulose (Sigma Aldrich) was
prepared with deionized water. The slurry was coated onto aluminum foil using a doctor
blade set to a height of 200 µm, except for the coin cells used during GITT test, where
the doctor blade height was 75 µm. The coated aluminum foil was dried in vacuum at
80 °C overnight. 9.5 mm disks were punched from the foil, pressed at 30 MPa using a
hydrostatic pump, weighed and transferred to a glove box with an argon atmosphere.
Electrochemical characterization: 2032 coin cells were assembled using sodium metal as
reference and counter electrodes. The electrolyte was a 1:1 mixture (v/v) of ethylene
carbonate and propylene carbonate to which 2% fluoroethylene carbonate by volume had
been added and dried over 4 Å molecular sieves (Sigma Aldrich) for 3 days. 1 mol l-1
anhydrous sodium perchlorate (Sigma Aldrich) was used as the salt. 17 mm glass fiber
disks (GF-A, Thermo Fischer) were used as separators. Electrochemical data were
obtained using NEWARE battery testers. Each electrochemical test was carried out five
times; the reported values represent the means of the results. Cyclic voltammetry (CV)
data was obtained using a Bio-Logic VMP3.
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GITT analysis: To minimize the effects of electrode porosity on the surface area, the
electrode coating was kept as thin as possible (active material loading of ca. 0.4 mg cm-2).
To ensure complete SEI formation, each coin cell was cycled three times at 10 mA g-1
before conducting the GITT experiments. 10-minute pulse steps and 30-minute rest steps
were used. Na+ diffusion coefficients were calculated using equation (3.4). The equation
is valid only when the voltage is linear against the square root of time; to verify the
validity of this assumption, V-vs-√𝑡 plots of each pulse step were generated (e.g., Figure
4.1). Significant deviations from linearity were found only close to the full charged and
discharged states.

Figure 4.1: plot of voltage against the square root of time during a GITT pulse step

Randles-Sevcik analysis: To ensure complete SEI formation, coin cells were cycled three
times at 10 mA g-1 before collecting CV data. The coefficients of diffusion were
determined via equation (3.7).
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4.3
4.3.1

Results and discussion
Structural characterization and optimization

The one-pot procedure reported herein to synthesize epitaxial core-shell PBAs exploits
the unequal binding strength of sodium citrate, a chelating agent used to control PB
nucleation, for Ni2+ and Mn2+. The free energy of formation and stability constants both
favor the [Ni2+-citrate] complex over [Mn2+-citrate] [68, 246, 247]. As demonstrated in
this work, this preference for Ni2+ appears to be so pronounced that the Ni2+ ions are
released from their citrate complexes only once the Mn2+ ions are fully consumed, which
allows the NiPB to grow as an epitaxial layer on the existing MnPB surfaces. This onestep procedure is attractive for its simplicity, as the synthesis of epitaxial Prussian Blue
heterostructures has to date always required two-step processes [242-245]. The synthesis
method is similar to one reported by Chen et al [68], although that work reported
homogeneous, single-phase materials with very low Ni-contents.
Table 4.1: Chemical formulas, core-shell characteristics and electrochemical properties of MnPB@NiPB
synthesized at a range of citrate concentrations. The citrate content is relative to the total amount of Ni 2+
and Mn2+ used.
Material
designation
MnNiPB-0xcit
MnNiPB-2xcit
MnNiPB-4xcit
MnNiPB-6xcit

Citrate content
(equiv.)
0
2
4
6

Chemical formula of product
Na1.21Mn0.41Ni0.59[Fe(CN)] · 4.2 H2O
Na1.33Mn0.42Ni0.58[Fe(CN)] · 1.5 H2O
Na1.37Mn0.46Ni0.54[Fe(CN)] · 0.7 H2O
Na1.45Mn0.78Ni0.22[Fe(CN)] · 1.0 H2O

Relative thickness of Nirich shell
22%
9%
6%

To study its effect on the morphology and composition, the citrate concentration in the
synthesis of MnPB/NiPB composite (hereafter referred to as MnNiPB) was varied at a
constant Mn:Ni ratio of 1:2. Citrate contents of 0, 2, 4 and 6 equivalents relative to the
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total amount of Ni2+ and Mn2+ were used; the respective products are referred to as
MnNiPB-0xcit, MnNiPB-2xcit, etc. (Table 4.1; ICP raw data is available in Table S1).
SEM microscopy of these materials revealed the cubic morphology typical of Prussian
Blue analogues (Figure 4.2).

Figure 4.2: SEM images of MnNiPB synthesized with 0, 2, 4, and 6 equivalents of sodium citrate (relative
to the total amount of Ni2+ and Mn2+ used)

As expected, the citrate content used during the synthesis is strongly positively correlated
with the particle size of the products: MnNiPB-0xcit is poorly crystalline and its particles
too small to distinguish, while MnNiPB-6xcit has relatively large and interlocked
particles. Interestingly, particle size is also independently correlated to Mn-content:
MnNiPB synthesized at a constant citrate concentration and using a range of Mn:Ni ratios
evince a clear trend of larger particles for more Mn-rich materials (see Appendix, Figure
A1).
The morphology was studied in detail using TEM microscopy (except that of
MnNiPB-0xcit, whose individual particles are not discernible). MnNiPB-2xcit,
MnNiPB-4xcit and MnNiPB-6xcit exhibit core-shell structures according on TEM data
(Figure 4.3). EDS phase analysis revealed two distinct phases: an Mn-rich inner layer
surrounded by an Ni-rich outer layer. Intuitively, the boundary between these phases
becomes sharper at higher citrate contents. However, a competing effect is that the more
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citrate is present during the reaction, the more the nucleation of NiPB is inhibited. This is
compounded by the fact that the use of sodium citrate also results in larger particles.
Consequently, smaller amounts of available NiPB must cover a higher MnPB surface
area, meaning the NiPB outer layer grows increasingly thin the more citrate is used: 2, 4
and 6 equivalents citrate result in NiPB shells 22%, 9% and 6% the thickness of the MnPB
core, respectively. This is also reflected in the chemical composition as determined by
ICP (Table 4.1), which also reveals a trend of higher sodium content for materials
synthesized at higher citrate contents. This is likely a direct effect of the higher effective
Na+ concentration in the reaction solution.

Figure 4.3: Bright field TEM image and EDS element mapping of (a) MnNi-2xcit, (b) MnNi-4xcit and (c)
MnNi-6xcit
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This is attributable to the unequal affinity of the citrate anion for Mn2+ and Ni2+: the
binding energy of the [Ni2+-citrate] complex is ca. 57 kJ mol-1 stronger than that of
[Mn2+-citrate] [68], meaning that Mn2+ ions are released more readily when both
complexes are present. In effect, sodium citrate slows down the nucleation and growth of
both MnPB and NiPB, but at different magnitudes. The use of chelation agents also
decreases the proportion of crystal water in the material (Figure 4.4), although beyond
4 equivalents this yields no additional reductions in water content.

Figure 4.4: thermogravimetric analysis (TGA) of MnNiPB-0xcit, MnNiPB-2xcit, MnNiPB-4xcit and
MnNiPB-6xcit

The two-phase nature of MnNiPB-4xcit and MnNiPB-6xcit is also visible in the XRD
spectra (Figure 4.5), in which both the peaks of MnPB and NiPB are observable (see
further below for a direct comparison with the pure materials). MnNiPB-0xcit produces
a single cubic spectrum with broad peaks. The pattern of MnNiPB-2xcit unexpectedly
also consist of a single monoclinic phase; the NiPB phase is not visible, probably due to
its thinness and indistinct intralayer boundary. Consistent with the increasing crystallinity
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visible in the SEM images (Figure 4.2), the XRD peaks become sharper at higher citrate
contents.

Figure 4.5: XRD patterns of MnNiPB-0xcit, MnNiPB-2xcit, MnNiPB-4xcit and MnNiPB-6xcit

Based on XPS analysis (Figure 4.6), MnNiPB-0xcit is somewhat more vulnerable to
oxidation; the Fe 2p bands contain shoulders from the presence of Fe3+. In contrast, the
materials synthesized with sodium citrate show no evidence of oxidation. This is
plausibly directly related to the core-shell structures of MnNiPB-2xcit, MnNiPB-4xcit
and MnNiPB-6xcit: the NiPB shell may be inherently less susceptible to oxidation and
have a protective effect on the MnPB core. The lower air stability of MnNiPB-0xcit may
also simply be a result of its extremely small particles and associated large surface area.
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Figure 4.6: X-ray photoelectron spectroscopy (XPS) analysis of MnNiPB-0xcit, MnNiPB-2xcit,
MnNiPB-4xcit and MnNiPB-6xcit. The Fe 2p band of MnNiPB-0xcit shows evidence of Fe oxidation, which
is absent for the other materials.

For optimized electrochemical performance, the NiPB outer layer should be as thin as
possible to maximize capacity (since NiPB only contains one electrochemically active
redox pair per formula unit, while MnPB contains two), but still thick enough to be able
to imbue its stability on the MnPB inner layer. After testing all four materials in coin cells
(Figure 4.7a), MnNiPB-4xcit appears to strike the best balance. It has a higher capacity
than both MnNiPB-0xcit and MnNiPB-2xcit, while MnNiPB-6xcit resembles pure MnPB
in its cycling behaviour: a high initial capacity that declines rapidly. The coulombic
efficiency tracks this pattern (Figure 4.7b). MnNiPB-0xcit exhibits a very low coulombic
efficiency, probably due to the decomposition of its relatively large amount of crystal
water over the first 200 cycles.
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Figure 4.7: (a) cycling performance at 100 mA g-1 and (b) coulombic efficiency of MnNiPB-0xcit,
MnNiPB-2xcit, MnNiPB-4xcit and MnNiPB-6xcit.

Overall, MnNiPB-4xcit, due to its optimal Mn:Ni ratio, crystallinity and low water
content, offers the best compromise of capacity, stability and ease of synthesis. Thus, this
material was chosen to study the physical and electrochemical properties in detail.
To compare MnNiPB-4xcit to those of its isolated components, samples of MnPB and
NiPB were synthesized using conditions identical to those used for MnNiPB-4xcit. XRD
data shows that the lattices of MnPB and NiPB are extremely similar; the XRD spectrum
of MnNiPB-4xcit is a direct combination of them (Figure 4.8) save small (though
significant) peak shifts that will be discussed below.
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Figure 4.8: XRD pattern of MnNiPB-4xcit overlaid onto the XRD patterns of NiPB and MnPB

In collaboration with David Cortie (University of Wollongong) and using the structure
reported by Song et al. was used as a starting point [105], the spectra of MnPB and NiPB
were refined to using FullProf [248] (Figure 4.9). Both structures are monoclinic, with
only slight deviations from cubic symmetry. The cell parameters are listed in Table 4.2
below. This is consistent with previous findings; monoclinic structures of MnPB [89, 90,
105, 107] and NiPB [75, 116] have been widely reported elsewhere. The obtained
structures are highly similar but nonetheless distinct: the MnPB unit cell is 0.2 – 0.3 Å
bigger along all three edges. This similarity in the lattices is what makes the growth of
NiPB on the MnPB surface possible: Dumont et al [242] report a maximum lattice
mismatch of ca. 0.5 Å to achieve epitaxial growth; above this threshold a mixture of
single-phase particles are produced.
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Figure 4.9: Rietveld refinement of (a) NiPB (chi2 = 9.9601) and (b) MnPB (chi2 = 8.6458)

The obtained refinements were in turn used to refine the MnPB and NiPB phases of
MnNiPB-4xcit individually (Figure 4.10). Both phases retain their monoclinic structures
in the composite material, albeit with slightly changed lattice parameters (Table 4.2): the
MnPB lattice contracts while the NiPB lattice expands slightly. The contractions and
expansions are also conspicuously anisotropic: the parameter c of the MnPB phase
decreases more than a, while b is essentially unchanged; in the NiPB phase, the
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magnitudes of the shifts are reversed. This anisotropy may play a role in stabilizing the
MnPB during battery cycling, which will be discussed in detail in Section 4.3.3.

Figure 4.10: Rietveld refinement of MnNiPB-4xcit (chi2 of MnPB phase: 4.0188, chi2 of NiPB phase:
4.1515)
Table 4.2: Lattice parameters of pristine MnPB and NiPB and in the composite material (MnNiPB-4xcit).
Phase
Composite
MnPB
Pristine
Shift
Composite
NiPB
Pristine
Shift

4.3.2

a/Å
10.5028
10.5347
-0.0319
10.2986
10.2773
0.0213

b/Å
7.5250
7.5409
-0.0160
7.4304
7.3799
0.0505

c/Å
7.3109
7.3572
-0.0463
7.1348
7.1343
0.0005

β/°
91.994
91.467
0.527
92.375
92.351
0.0236

Vol. / Å3
577.44
584.27
-6.83
545.51
540.65
4.859

Electrochemical properties of MnNiPB-4xcit

In electrochemical capacity, MnNiPB-4xcit represents roughly the midpoint between
MnPB and NiPB, as expected given that they are present in an almost 1:1 ratio. In the
charge-discharge curves (Figure 4.11a), the voltage plateaus of both the Fe2+/Fe3+ redox
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pairs and Mn2+/Mn3+ redox pairs are visible, the latter being much shorter since the
material contains twice as much Fe as Mn. MnNiPB-4xcit also combines the high
capacity of MnPB with the stability of NiPB.

Figure 4.11: (a) charge discharge curves and (b) cycling performance and coulombic efficiency of
MnNiPB-4xcit

At a current density of 100 mA g-1, MnNiPB-4xcit has an initial discharge capacity of
93 mA h g-1, 96% of which is retained after 500 cycles, compared to 37% for MnPB under
identical conditions (Figure 4.11b). Based on ex-situ XRD data of the MnNiPB electrodes
during cycling (Figure 4.12a-b), both phases undergo phase transformations, which are
very similar to those of pure NiPB (Figure 4.12c-d) and MnPB (Figure 4.12e-f). The
changes in cell parameters of the core-shell phases are similar to those of their component
pure phases. Monoclinic MnPB has previously been reported to undergo a phase
transition first into a cubic, then a tetragonal structure during charging [105, 107], while
monoclinic NiPB undergoes a one-step phase transition to become cubic [75, 116].
Synchrotron in-operando XRD would permit the structure to be followed closely during
the charge and discharge process; unfortunately, this was not possible due to constraints
imposed by the 2020 COVID-19 pandemic. Nevertheless, the ex-situ XRD data are
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consistent with these reports of the structural evolution of MnPB and NiPB, showing the
melding of two peaks in the 23–25° into a single peak (Figure 2d-f). The high stability of
NiPB shows that such phase transitions are not, on their own, problematic; it is the JahnTeller distortions that destabilize the MnPB lattice and which the core-shell structure of
MnNiPB-4xcit appears to prevent.

Figure 4.12: (a), (c), and (d) ex-situ XRD spectra and (b), (d), and (f) zooms of the first two major peak
regions of MnNiPB-4xcit, NiPB and MnPB, respectively

The lattice of both phases of MnNiPB-4xcit remain well-preserved after cycling (Figure
4.13a). This is unsurprising for the NiPB phase: pure NiPB also retains its structure under
the same conditions (Figure 4.13b). However, the fact that the MnPB phase also remains
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stable is remarkable, as pure MnPB experiences a breakdown of its structure over
100 cycles (Figure 4.13c). This provides further evidence that the stabilization of the
MnPB core imposed by the NiPB shell in MnNiPB-4xcit is not only a result of protection
from chemical attack, but structural in nature.

Figure 4.13: XRD patterns of (a) MnNiPB-4xcit, (b) NiPB and (c) MnPB after 100 cycles at 100 mA g-1.
Pristine patterns are included for comparison.

It is well-established that only the Fe2+/Fe3+ and Mn2+/Mn3+ redox pairs are
electrochemically active in Prussian Blue analogues, while the Ni2+ ions do not contribute
to the electrochemical capacity. In the cyclic voltammetry spectra of MnNiPB-4xcit
(Figure 4.14a), the distinct peaks of the Fe2+/Fe3+ and Mn2+/Mn3+ redox pairs are visible
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both during the charging and discharging steps. The Mn2+/Mn3+ redox occurs at a higher
voltage than Fe2+/Fe3+ in Prussian Blue [88]; the 3.45 V peak (3.20 V during discharge)
thus corresponds to Fe2+/Fe3+, while the 3.65 V (3.50 V) peak corresponds to Mn2+/Mn3+.
NiPB, having only one redox pair per formula unit, displays a single CV peak (Figure
4.14b). Interestingly, MnPB shows three redox peaks, despite only having two redoxactive ions. The appearance of a third peak has been reported before and explained by the
poor conductivity of MnPB after a certain portion of sodium has been extracted from the
material [89], which alters the energy levels of the corresponding redox pairs. The
absence of such a third redox peak in MnNiPB-4xcit suggests that it does not suffer this
drop-off in conductivity. In a testament to its electrochemical stability, the CV spectrum
becomes stable after the 3rd cycle, whereas that of MnPB displays significant current
attrition throughout (Figure 4.14c).
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Figure 4.14: cyclic voltammetry graphs of (a) MnNiPB-4xcit, (b) NiPB and (c) MnPB. Recorded at 0.1
mV s-1.

The rate capability (capacity retention at elevated charge and discharge rates) of
MnNiPB-4xcit is presented in Figure 4.15. At 4000 mA g-1 the material still delivers ca.
70 mA h g-1, permitting a one-minute charge or discharge time. The capacity is stable
over 10 cycles at all current densities except the highest, 8000 mA g-1; a kinetically
limited decay mechanism is likely responsible for the capacity decline at this rate. Still,
the material is a vast improvement over its constituent components, NiPB and MnPB,
although the rate capability of the latter appears artificially lower due to its rapid
degeneration during cycling. If the capacity of MnPB at various current densities is
measured using pristine electrodes, rather than consecutively with the same electrode
(Figure 4.15b), the rate capabilities are roughly comparable. In this sense, the main
contribution of the Ni-rich outer layer to the rate capability is simply to improve the
cycling stability of the Mn-rich inner layer.
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Figure 4.15: (a) rate capability of MnNiPB-4xcit, NiPB and MnPB measured by consecutively ramping up
the current in 10-cycle increments and (b) rate capability of MnPB, measured with electrodes that had been
previously cycled only once for SEI formation. Error bars represent standard deviations (n=5).

The shelf life of MnNiPB-4xcit was studied by characterizing its physico-chemical
properties after being stored under ambient conditions for 15 months. The material’s
stability against moisture was also tested by suspending it in water for 24 hours, followed
by centrifuging and drying. Both tests resulted in no damage to the material’s properties.
The XRD and XPS patterns show no evidence of oxidation or structural degradation
(Figure 4.16a-b); more importantly, it retained its full electrochemical capacity and
cycling stability (Figure 4.16c). It is difficult to compare this directly to MnPB, whose
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shelf life is difficult to assess since its cycling stability is inherently poor. Neither its
capacity nor its stability changes significantly after 15 months of storage in ambient air
(Figure 4.16d). Nevertheless, such long shelf lives of Prussian Blue analogues have not
yet been reported and are noteworthy in and of themselves, given the air or moisturesensitivity of many battery electrode materials [249, 250].
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Figure 4.16 (a) XRD spectra of MnNiPB-4xcit under various conditions of storage; (b) XPS spectra of
freshly prepared MnNiPB-4xcit, after 15 months of storage in ambient air and after being suspended in
water for 24 hours; (c) cycling performance at 100 mA g-1 of freshly prepared MnNiPB-4xcit and after
15 months of storage in ambient air; (d) cycling performance at 100 mA g-1 of freshly prepared MnPB and
after 15 months of storage in ambient air.

4.3.2.1 Diffusion coefficient
The diffusion coefficients of MnNiPB, MnPB and NiPB were determined via the
galvanostatic intermittent titration technique (GITT). As shown in Figure 4.17a-c, pulses
of 10 mA g-1 were applied for 10 minutes, followed 30 minutes of relaxation, up to a cell
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voltage of 4.2 V. The cell was then discharged to 2.5 V using the same procedure. By
evaluating the ratio of the increase or decrease in voltage during each pulse step to the
actual change in steady-state voltage this effects (after excluding the iR drop), the Na+
diffusion coefficient in the electrode material can be determined [251]. Graphs of the
results for the charge and discharge steps over the applicable voltage range are shown in
Figure 4.17d and Figure 4.17e, respectively. The diffusion coefficient of Na+ is at least
an order of magnitude higher in MnNiPB-4xcit and NiPB than in MnPB, respectively, for
both the charge and discharge steps. MnNiPB-4xcit and NiPB are roughly comparable
between themselves, with the former slightly higher at some points. A striking feature of
the MnPB diffusion coefficient is a cusp at 3.45 V where the diffusivity becomes very
low. Such features are characteristic of materials in which two material phases coexist
during a phase transition [251, 252]. Diffusion coefficients from GITT are less reliable in
this two-phase region, since the movement of the phase boundary can limit Na+ diffusion,
which the model used to develop GITT does not take into account [253]. Nevertheless,
the results do imply that the phase transitions experienced by MnNiPB-4xcit during
charging and discharging (Figure 4.12a) do not cause significant phase-boundary effects.
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Figure 4.17: GITT charge-discharge curves of (a) MnNiPB-4xcit, (b) NiPB and (c) MnPB; Na+ diffusion
coefficients in MnNiPB-4xcit, NiPB and MnPB during (d) sodium extraction (charging) and (e) during
sodium insertion (discharging).

The diffusion coefficient can also be determined via the Randles–Sevcik method [254]
by evaluating the relationship of the CV scan rate and current; the technique is described
in detail in Section 3.6.6.2. Figure 4.18a, c and e display the CV curves of MnNiPB-4xcit,
NiPB and MnPB, respectively at a range of scan rates between 0.2 – 1 mV s-1. The
diffusion coefficient is typically calculated by plotting the current maxima against the
square root of the scan rate (Figure 4.18b, d and f). The linear nature of the graph provides
evidence for the reversibility of the Na+ extraction; from the slope [255], the Na+ diffusion
coefficient may be calculated for the voltage region the peak occurs in. Values of
2.54x10-8 cm2 s-1 and 4.69x10-8 cm2 s-1 are obtained for the cathodic and anodic peaks,
respectively – roughly comparable to those of NiPB but 50 times higher than MnPB
(Table 4.3). These values are over an order of magnitude higher than those obtained via
GITT. Disparities between values acquired using GITT and CV are not uncommon [25692
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259] and reflect the different conditions under which they are obtained: GITT is
performed at low currents and near equilibrium conditions, while the Randles-Sevcik
method subjects the material to continuous and much higher voltage differentials. It is not
clear in such cases which value is closer to the “true” diffusion coefficients, although the
values obtained via CV can be somewhat inflated due to the large concentration gradients
that occur during measurements [259].
Table 4.3: diffusion coefficients obtained using CV data and the Randles-Sevcik equation.
Anodic

Cathodic
-8

MnNiPB-4xcit

2 -1

4.69x10 cm s

2.54x10-8 cm2 s-1

NiPB

4.51x10-8 cm2 s-1

2.83x10-8 cm2 s-1

MnPB

7.23x10-9 cm2 s-1

4.00x10-9 cm2 s-1
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Figure 4.18: (a), (c) and (f) CV curves of MnNiPB-4xcit, NiPB and MnPB, respectively, at a range of scan
rates; and (b), (d) and (g) corresponding Randles-Sevcik plots of the maximum currents recorded at each
scan rate versus the square root of the scan rate

4.3.3

Strain analysis and proposed mechanism of stabilization

The stabilizing effect of the outer NiPB layer on the MnPB phase is striking, especially
considering it is only 9% the thickness of the latter, and raises the question of its
mechanism of action. Although the origin of the cycling instability of MnPB has not been
studied specifically, for Mn-containing materials generally in SIBs and LIBs it is usually
ascribed to one or two related factors: (i) structural destabilization brought on by JahnTeller distortions upon formation of Mn3+ and (ii) charge disproportionation of Mn3+
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followed by the dissolution of Mn ions into the electrolyte. [93, 236, 260, 261]. (The
reaction of HF, a decomposition product of NaPF6 [262], with surface Mn3+ is also
sometimes cited [260], although this is unlikely in the present work, which used NaClO4based electrolytes.) These events are likely related – i.e. disproportionation may occur
because of the Jahn-Teller induced structural destabilization [260]. The contributions of
the Jahn-Teller distortions have generally received the most attention in the literature on
MnPB.[6-8] Whatever the predominant reasons for the instability of MnPB, the epitaxial
NiPB layer clearly alleviates them in some way. Moreover, the fact that the relative
thickness of the NiPB layer is correlated to the stability of the material (for instance,
MnNiPB-6xcit has a NiPB layer 6% the thickness of the MnPB phase and experiences
rapid capacity fading, as shown in Figure 4.7) suggests that it affords more than simple
surficial protection.
Jahn-Teller distortions occur in transition metal environments with degenerate ground
states, as is the case with octahedrally coordinated Mn3+. This degeneracy is lifted by
anisotropic changes in the bond lengths – usually a contraction of the equatorial Mn-N
bonds and an elongation of the axial ones. This lowers the energy levels of the orbitals in
the xy-plane of the MnN6 octahedron, resulting in a net total energy gain for the system.
In MnPB specifically, the distortion has been reported to manifest itself as a contraction
of the four equatorial Mn-N bonds only [90], although the overall orbital dynamics remain
the same [91] (Figure 4.22a). Because [MnN6]3+ is Jahn-Teller distorted while [MnN6]2+
is not, these octahedra undergo destabilizing asymmetric contractions and expansions
with each charge and discharge cycle, causing the structure to gradually break apart [93].
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Thus, the NiPB shell of MnNiPB-4xcit may prevent or stabilize the Jahn-Teller
distortions of the MnPB core in some way. The most plausible mechanism to this end is
the exertion of a strain on the MnPB lattice, which would slightly alter the orbital
dynamics leading to the structural destabilization. As the Rietveld refinements already
indicated, the XRD spectrum does indeed suggest the presence some macrostrain: both
the MnPB and NiPB phases of MnNiPB-4xcit exhibit small but significant 2θ peak shifts
relative to their ‘pure’ materials. Figure 4.19 shows the XRD peaks plotted against the dspacing. The diffraction angles of the MnPB phase increase slightly while those of the
NiPB phase decrease, indicating a slight expansion and contraction of the respective
lattices. The peak shifts are also noticeably asymmetric in magnitude, a sign that the strain
is, in fact, anisotropic. Since no significant broadening of the peaks of the core-shell
material is visible relative to the pure materials, the strains are homogeneous throughout
their respective phases.

Figure 4.19: selected peak shifts of the MnNiPB-4xcit XRD spectrum, shown relative to MnPB

Table 4.4 lists the strain exhibited by both phases of MnNiPB-4xcit at six different
reflections, defined as follows:
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𝜀ℎ𝑘𝑙 =

𝑑 − 𝑑0
𝑑0

(4.1)

where εhkl is the strain of the hkl reflection under consideration, d is the plane spacing of
that reflection in MnNiPB-4xcit, and d0 is the plane spacing in the corresponding pure
material (either MnPB or NiPB). Because some of the peaks of the MnPB and NiPB
phases overlap, it was not possible to calculate strain values for all reflections.
Table 4.4: Strain of MnPB and NiPB phases of MnNiPB-4xcit, as calculated from 2θ shifts of selected
peaks.
2θ / °
16.588
23.378
23.868
33.761
48.103
50.770

Reflection
(0 1 1)
(0 2 0) / (2 1 -1)
(2 1 1)
(0 2 2) / (4 0 0)
(0 4 0) / (4 2 -2)
(4 2 2)

MnPB phase strain
-0.49%
-0.14%
-0.66%
-0.37%
-0.07%
-0.53%

NiPB phase strain
0.24%
0.47%
0.22%
0.23%
0.34%
0.10%

Several patterns are evident from Table 4.4. First, the strains of the two phases are
directionally opposed; that is, the MnPB lattice is compressed while the NiPB lattice is
stretched. In addition, the strains are not only highly anisotropic within each phase, but
also orthogonal to one another across phases: the MnPB reflections with the highest strain
exhibit relatively low strains in the NiPB phase. Because not all peaks could be
definitively assigned to a reflection index, the precise nature of this anisotropy, i.e., along
which axes the strain runs, is not clear. Based on the XRD refinements of the material
(Section 4.3.1), the unit cell of the MnPB phase contracts along all three dimensions, but
at

different

magnitudes:

the

unit

cell

parameters

a,

b

and

c

contract

by -0.0319 Å, -0.0160 Å and -0.0463 Å (or -0.3%, -0.2% and -0.6%), respectively.
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However, because the unit cell is defined such that the y and z axes bifurcate the CN-MnNC bond angle (Figure 4.21), it is unclear what precisely this means for the bond lengths
and the geometry of the MnN6 octahedra. Obtaining these properties via modelling would
be a useful future follow-up work.
The strained MnPB phase may be a purely compressive effect of being encased in the
NiPB shell. However, since the NiPB phase is also strained in the opposite direction, it
more likely results from the coupling of the two lattices to one another. The NiPB phase
forms directly on the MnPB surface and the two materials have very similar lattices –
conditions which have been demonstrated to lead to epitaxial growth, in which the lattices
of the two PBA structures are coupled to one another [243, 263]. Scanning transmission
electron microscopy (STEM) of the interface, which would permit visualization of the
strain fields in the two phases, proved infeasible due to the material’s sensitivity to the
required beam currents.
Nevertheless, the lattice could still be resolved using high-resolution transmissionelectron microscopy (HRTEM) in low-dose mode (Figure 4.20a). Magnification of the
border region clearly shows a continuous and coherent lattice across the interface of the
Mn-rich inner layer and the Ni-rich outer layer, with lattice spacings of 0.52 and 0.51 nm
corresponding to the (200) crystal plane (Figure 4.20b). Indeed, the transition from one
layer to the next is smooth and the interface not clearly visible; the dotted lines drawn are
based on the thickness of the NiPB layer obtained via EDS (Figure 4.3b). A fast Fourier
transform (FFT) of the entire particle produces in a single pattern (Figure 4.20c), rather
than a combination of two discrete patterns as would be expected from unaligned lattices.
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Separate local fast Fourier transforms (FFT) of only the particle core and the outer edge
regions (Figure 4.20d–e) also show identically oriented lattices.

Figure 4.20: (a) HRTEM image of a corner of a MnNiPB-4xcit nanoparticle corner; the white dotted line
marks the border between the MnPB and NiPB phases based on the EDS data shown in Figure 4.3b, (b)
magnification of the border region, with the lattice spacings for both phases annotated, indicating the (200)
plane, (c) – (d) FFT of the NiPB and MnPB layer, respectively
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Figure 4.21: visualization of the refined structure of MnNiPB-4xcit. Na atoms are omitted for clarity.
Drawing produced using the software VESTA [264].

The anisotropic strain that the NiPB shell appears to apply on the MnPB core is plausibly
the cause of the considerably improved reversibility of sodium extraction from the MnPB
phase. In the following, a mechanism for this stabilization is proposed.
The removal of an electron from the d-shell of octahedrally coordinated Mn2+ normally
results in a doubly degenerate ground state. This causes the equatorial Mn-N bonds to
contract and the axial bonds to elongate, which lifts the degeneracy by raising the energy
levels of the orbitals on the z-axis and lowering those on the xy-plane, and resulting in a
net energy gain [91] (Figure 4.22a). An anisotropic contraction of the MnPB phase of the
MnNiPB-4xcit core-shell material in the pristine state – i.e., before charging – would alter
the energy levels of the Mn d-orbitals. This could minimize or even prevent the JahnTeller distortion that normally occurs upon oxidation. For instance, a strain exerted
primarily on the equatorial Mn-N bonds would lower the energy levels of the orbitals on
the z-axis (dxz, dyz and dz2) and raise those on the xy-plane (dxy and dx2- y2) (Figure 4.22b).
That would avoid the formation of a degenerate ground state upon oxidation of the Mn2+
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and prevent the associated Jahn-Teller deformation. This explanation would also hold if
the anisotropic stress ran along the z-axis rather than the x-y plane, since that, too, would
result in the lifting of the orbital degeneracies, although the relative energy levels of the
orbitals would be different.

Figure 4.22: illustration of the proposed mechanism of MnPB stabilization by anisotropic strain along with
crystal field splitting of normal octahedral Mn2+ (left) and Mn2+ subjected to equatorial compression from
the NiPB shell (right).

It should be noted that although the consensus in the literature ascribes a significant role
to Jahn-Teller distortions and charge disproportionation in the destabilization of MnPB
during battery cycling, this is largely derived from Mn-containing cathode materials for
lithium-ion batteries and not necessarily directly transferable to the Mn-sites in Prussian
blue. In lithium manganese oxide, the active redox pair is Mn3+/Mn4+, and it is the reduced
form (Mn3+) that is unstable and disproportionates into Mn2+ and Mn4+, the former of
which dissolves into the electrolyte. It is not clear that this applies to MnPB, which relies
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on the Mn2+/Mn3+ redox pair and whose reduced form (Mn2+) is known to be structurally
stable (and indeed usually synthesized in this form). Disproportionation may well still
play a significant role in the capacity decay of MnPB, but the extent of this has not been
the subject of specific study. It remains plausible that other mechanisms are at play in the
stabilization of MnNiPB-4xcit during Na+ extraction and reinsertion. For instance, Mn3+
and [Fe(CN)6]3+ ions do not form a precipitate in aqueous solution, suggesting that the
fully discharged MnPB (MnIII[FeIII(CN)6]) may simply dissolve into the battery
electrolyte even without the contribution of structural distortions.
4.4

Beyond Mn and Ni: epitaxial heterostructures based on other metals

The easy synthesis of epitaxial core-shell materials described in this work makes it natural
to ponder other pairs of metals which might undergo similar delayed de-chelation from
sodium citrate complexes. A priori, any Prussian Blue analogue with excellent cycling
stability but low capacity might be grown on the surface of another with poor cycling
stability but higher capacity, as long as the structures are compatible. Of the known
Prussian Blue analogues based on 3d transition metals, MnPB, FePB, CoPB which
contain two redox-active metal ions per formula unit, have high but unstable capacities.
NiPB, CuPB and ZnPB, with only one redox-active metal, have lower capacities but are
highly stable during cycling [80, 265].
Dumont et al. [242] report a maximum lattice mismatch of ca. 0.5 Å for epitaxial growth
to be possible for Prussian Blue; above this threshold a mixture of single-phase particles
are produced. Based on this criterion, MnPB, FePB, CoPB, NiPB and CuPB, all of which
have similar cubic or near-cubic monoclinic structures when synthesized with
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4 equivalents of sodium citrate, have at least theoretically compatible lattices for epitaxial
lattice coupling. ZnPB forms a lower-symmetry, likely rhombohedral [56] structure under
these conditions and is a less promising candidate.

Figure 4.23: XRD patterns of NaxM[Fe(CN)6] for M = Mn, Fe, Co, Ni, Cu and Zn, synthesized with
4 equivalents of sodium citrate.

Of these, both CoPB@NiPB [266] and FePB@NiPB [267] have already been studied for
SIB cathodes, although these works used more complex syntheses requiring multiple
steps or additional reagents like PVP. They also did not analyse the relationships of the
lattices or the potential role of a modified lattice on the improved performance. Thus,
there remains much scope for further exploration of heterostructures beyond the
MnPB@NiPB reported in this work. Initial characterizations of CoNiPB and FeNiPB
composites synthesized with a range of citrate concentrations did show promising results
and evidence of lattice strain (Figure A3 and Figure A3). The reactivity of Co2+ and Fe2+
towards ferrocyanide appears to be more like that of Ni2+: higher quantities (6 equivalents
or more) of sodium citrate are required to produce phase separation visible in the XRD
pattern. A complicating factor is that the structures of FePB, CoPB and NiPB are highly
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similar, so the difference in diffraction patterns between epitaxially coupled FePB-NiPB
or CoPB-NiPB lattices are far less pronounced than for MnPB-NiPB. Nevertheless,
CoNiPB-6xcit showed a clearly improved cycling stability over CoPB and improved
capacity over NiPB (Figure A3c). FeNiPB-6xcit did not show a notably better stability,
but its initial capacity and rate capability were enhanced considerably. XPS analysis
showed a substantial decrease in the extent of Fe2+ oxidation in the structure of
FeNiPB-6xcit. If the structure consists of a FePB core surrounded by a NiPB shell, the
NiPB layer may protect the FePB core from oxidation. This mechanism of stabilization
would thus be largely surficial in nature – in contrast to the strain-based one proposed in
this chapter for MnNiPB-4xcit, since MnPB is much less susceptible to oxidation.
Unfortunately, for technical reasons related to a long-term outage of the EDS system of
the TEM instrument used for this work, the core-shell nature of these materials could not
be confirmed in time for the submission of this thesis. Therefore, this work at present
remains the subject of further investigation.
4.5

Conclusions

In this work, a series of Prussian Blue analogues containing nickel and manganese were
synthesized using sodium citrate to control the particle size, Ni:Mn ratio and crystallinity.
The citrate anion’s uneven binding strength to Ni2+ and Mn2+ causes these materials to
form as two discrete layers: manganese-rich cores and nickel-rich shells. The material
with the highest cycling stability, synthesized with 4 equivalents of sodium citrate,
contains roughly equal amounts of nickel and manganese. This material was characterized
in detail and found to offer an excellent compromise between MnPB and NiPB –
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combining the high capacity of the former with the stability of the latter. It exhibited a
capacity of 93 mA h g-1 and a capacity retention of 96% after 500 cycles, which is
comparable to that of pure NiPB. Even at the very high current density of 4000 mA g-1,
this material still delivered a stable capacity of 70 mA h g-1, giving it among the highest
rate capabilities of sodium-ion battery cathodes reported to date. The diffusion coefficient
was characterized via both the Randles-Sevcik method and GITT and found to be 1 – 2
orders of magnitude higher than that of MnPB. Based on ex-situ XRD, both the Mn-rich
and the Ni-rich phases undergo phase transitions during charging and discharging much
like their constituent pure components; however, in contrast to pure MnPB, these phase
transitions are fully reversible and remain so even after extended cycling. This suggests
that the nickel-rich outer layer plays an active role in stabilizing the normally
electrochemically unstable manganese-rich core. The mechanism may lie in the way the
particles grow: since the NiPB forms on the surface of an already-formed MnPB template,
its crystals grow epitaxially – i.e., match the orientation of the MnPB. This allows it to
exert a stabilizing counterbalancing strain on the Jahn-Teller-distorted oxidized form of
MnPB and prevent its disintegration. Such phenomena have been reported in other
materials, but not to date for Prussian Blue-based cathode materials.
This work opens up the possibility of experimenting with layered Prussian Blue materials
consisting of other metal pairs for which sodium citrate has unequal affinities, or testing
other chelating agents. It might also be worthwhile combining the epitaxial stabilization
with other stabilization techniques, such as dehydrating the structure or using a waterfree binder. Additionally, the core-shell materials described herein may be interesting to
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domains outside of battery applications, such as the exploration of the material’s magnetic
properties.
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5 The structure and stabilization of Ni-substituted sodium
manganese ferrocyanides
Preparing materials containing multiple types of metal ions is one of the most common
strategies to obtain a cross-section of complementary desirable properties in battery
electrode materials. In fact, in lithium-ion batteries (LIBs), several of the most
commercially successful cathode materials are mixed-metal oxides, most notably NMC
(LiNi1-xMn1-yCo1-zO2) and NCA (LiNi0.8Co0.15Al0.05O2) [268]. In many cases, this
involves adding electrochemically inactive ions (for example, Mn4+ in the case of NMC)
as stabilizers to alleviate structural distortions during charging and discharging [269]. It
can also serve other goals like improving cost, conductivity, or thermal stability [270].
Such mixed-metal compounds can have either heterogeneous morphologies, as with the
core-shell materials described in the previous chapter, or consist as homogeneous
mixtures. Both approaches can be highly effective in their own ways. The former is
beneficial when the “core” material is vulnerable to metal dissolution or chemical attack
at the surface, while the latter can provide more comprehensive structural stabilization.
Most of the mixed-metal LIB cathode materials that have seen practical applications have
been homogeneous ones. Even among SIBs, mixed-metal oxides are considered a leading
class of candidates for eventual commercialization [271]. The synthesis and properties of
these materials have been thoroughly studied and optimized. However, ion-substituted
Prussian Blues have seen comparably little attention in the literature to date, even though
reports have indicated the potential of this approach. For manganese-based Prussian Blue
(MnPB), which is especially prone to destabilizing Jahn-Teller distortions that might be
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alleviated by structural modification, there have only a few previous works on the effect
of ion substitution. Ion substitutions with cobalt [88], iron [102] and nickel [68, 103, 104]
have been used to improve the structural stability of MnPB. While all these metals
improved the stability and rate capability, the Ni-substituted MnPB (MnNiPB) showed
by far the most promise. Moritomo et al. [103], as part of a survey of the effects of adding
a range of metal ions to MnPB, noted that MnNiPB with an Mn:Ni ratio of 1:4 showed
only a modest improvement in cycling stability, with a capacity retention of 70% after
100 cycles (vs. 55% for pure MnPB). The authors reported that, based on XRD, it
consisted of a single homogeneous trigonal phase, although the morphology was not
studied in detail. Two other works by Chen et al. [68] and Yang et al. [104] contained
only doping levels of nickel (5–10%), but nevertheless achieved impressive
improvements in stability.
The materials reported in these works are promising. However, MnNiPB as a class of
materials has to date not been the subject of a detailed study exploring its structural and
electrochemical characteristics. In addition, due to the tendency of chelating agents like
sodium citrate to cause heterogeneous layered materials (as described in Chapter 4), it is
unclear how to control the nucleation rate, and thereby the crystallinity, of spatially
homogeneous MnNiPB. Maximizing crystallinity is crucial not only to minimize water
content and maximize capacity and stability, but also because it improves tap density
[272, 273], which is directly related to volumetric energy density. Chen et al. [68] did use
a citrate-assisted method in synthesizing their MnNiPB. It is unclear why this appeared
to result in homogeneous, single-phase materials. The work did not include a refinement
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of the presented XRD data, which did show some signs of the presence of two discrete
phases, so it is possible that the materials did have core-shell morphologies.
To circumvent the bilayer-forming tendency of sodium citrate, in this work homogeneous
mixed-Mn/Ni Prussian Blue is synthesized by a combination of two strategies: sodium
citrate is kept to a minimum (1 equivalent), and the synthesis is conducted at significantly
reduced concentrations. Together, this avoids the time-delayed de-chelation of Ni2+ while
maintaining crystallinity. As a result, a material was developed that significantly
improves upon the cycling stability and rate capability of MnPB and even outperforms
the flagship material of Chapter 4 (MnNiPB-4xcit).
5.1
5.1.1

Experimental Section
Synthetic procedures

All reagents were purchased from Sigma Aldrich unless stated otherwise.
The Prussian Blue analogues described herein were synthesized as follows: NiCl2 ∙ 6H2O,
Mn(CH3CO2)2 4∙H2O and tribasic sodium citrate dihydrate were dissolved in 100 ml of
deionized water and stirred at room temperature for 30 minutes. The quantities of each
reagent are given in Table 5.1. This solution was then added dropwise to a solution of
5.80 g (12 mmol) Na4Fe(CN)6 ∙ 10H2O in 400 ml of deionized water. The reaction was
stirred at room temperature for 24 hours, aged for a further 24 hours, and centrifuged. The
bulk water was removed from the isolated precipitate under an argon stream at room
temperature. The product was then further dried under vacuum at 80 °C for 10 hours.
Table 5.1: amounts of the reagents used to prepare feed solutions for the synthesis of the Prussian Blue
analogues described in this chapter
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SP-Mn0.46Ni0.54PB
SP-Mn0.76Ni0.24PB
MnPB-LC

5.1.2

Nickel(II) chloride
hexahydrate
190 mg (0.8 mmol)
95 mg (0.4 mmol)
―

Manganese(II) acetate
tetrahydrate
98 mg (0.4 mmol)
196 mg (0.8 mmol)
294 mg (1.2 mmol)

Sodium citrate
dihydrate
353 mg (1.2 mmol)
353 mg (1.2 mmol)
353 mg (1.2 mmol)

Material characterization

XRD spectra were recorded on a PANalytical Empyrean diffractometer using a copper
radiation source and analyzed using the open-source software FullProf [248].
Scanning electron microscopy images (SEM) were recorded using a JEOL JSM-7500FA
operating at 10 kV. Transmission electron microscopy (TEM) was performed on a JEOL
JEM-ARM200F at 200 kV with the kind assistance of Dr. David Mitchell of the Electron
Microscopy Centre of the University of Wollongong. Particle sizes were analyzed using
the open-source software Fiji [274].
Thermogravimetric analysis (TGA) was carried out on a Mettler-Toledo TGA/DSC 1 at
a scan rate of 5 °C min-1.
Electrodes were prepared by suspending a 7:2:1 mixture of active material, carbon black
(Super P®, AlfaAesar) and carboxymethyl cellulose in deionized water and ball-milling
for 3 minutes to create a homogeneous slurry. The slurry was coated onto a sheet of
aluminium using a doctor blade. After drying the Al sheet over night at 80 °C and under
reduced pressure, 9.5 mm electrodes were punched out of it, pressed at 30 kPa between
two stainless steel blocks, and weighed. Electrodes were stored in air under ambient
conditions until use.
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Electrolyte preparation and coin cell assembly took place in an argon-filled MBraun glove
box with H2O and O2 levels below 1.0 ppm. The electrolyte consisted of a 1 M solution
of NaClO4 1:1 (v:v) mixture of ethylene carbonate and propylene carbonate with an
additional 2% fluoroethylene carbonate by volume. 2032 coin cells were prepared using
thin sodium disks as counter-electrodes, glass fibre as the separator, and 2 drops of
electrolyte.
Galvanostatic cycling tests were performed on Neware testers. All cells were subjected
to an initial full charge-discharge activation cycle at 10 mA g-1 to allow for formation of
the solid-electrolyte interface (SEI).
Galvanostatic intermittent titration technique (GITT) measurements were performed on
Neware testers. Electrodes were kept thin (<0.4 mg cm-2) to minimize porosity effects
and three activation cycles were used to ensure the SEI formation is complete. Pulse and
rest steps of 10 minutes and 30 minutes were used, respectively. For each pulse step, the
voltage against the square root of time was plotted to verify the validity of equation (3.4),
which was used to calculate the diffusion coefficient. Linear relationships were found at
all points except for the first and last charge and discharge steps.
Cyclic voltammetry was carried out on a Biologic VMP3 electrochemical workstation.
Plots were generated using the Python libraries seaborn and matplotlib.
5.2

Results and discussion

In this work, crystalline single-phase MnNiPB (SP-MnNiPB) was synthesized using a
modified protocol based on the one described in the previous section. To maintain
111

Chapter 5: The structure and stabilization of Ni-substituted sodium manganese
ferrocyanides
crystallinity, the use of some sodium citrate was retained, but the total concentration of
Ni2+ and Mn2+ (after combining all reactants) was reduced by a factor of 25 from 17 mM
to 0.72 mM. This proved sufficient to suppress the effects of the differential binding
strength of citrate to Mn2+ and Ni2+, resulting in single-phase materials. The use of sodium
citrate remained indispensable: omitting it produced a thin colloidal solution that could
not be precipitated via centrifugation, presumably because it did not form sufficiently
large particles. Reactant solutions containing Mn:Ni ratios of 1:2 and 2:1 and a single
equivalent of sodium citrate (relative to the total quantity of Mn2+ and Ni2+) were used.
Based on ICP analysis (Table S2), the elemental composition of the products are
Na1.19Mn0.46Ni0.54[Fe(CN)6]0.90 and Na1.17Mn0.76Ni0.24[Fe(CN)6]0.86. In both cases, the
Mn:Ni ratio of the products is higher than that of the feed solutions. This is likely a
combined effect of the inherent faster nucleation rate of MnPB and the slower release of
Ni2+ ions from the citrate complex. This higher nucleation rate is likely also responsible
for the higher incidence of defects and lower sodium content in the more Mn-rich
material, since it leads to more uncontrolled particle growth. The products are hereafter
referred to as SP-Mn0.46Ni0.54PB and SP-Mn0.76Ni0.24PB.
An attempt was made to synthesize MnPB and NiPB under the same conditions as the
SP-MnNiPB materials (i.e., at reduced concentrations and citrate content). However,
NiPB could not be precipitated at this low concentration, instead forming a thin colloidal
solution. MnPB synthesized using the low-concentration protocol (hereafter called
MnPB-LC), on the other hand, could be synthesized successfully. This is consistent with
the inherently higher nucleation rate of MnPB observed throughout this thesis. However,
the structure of MnPB-LC is slightly different from that of the monoclinic MnPB
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described in Chapter 4 (see Appendix, Figure A4a for a direct comparison of the XRD
patterns of these materials). A number of directly neighbouring peaks; notably those at
23.4° and 24.0°, 37.7° and 38.3°, and 48.1° and 49.3°; appear to meld into one, signifying
that its lattice has a higher order of symmetry – probably cubic. However, several
shoulders are also visible under these “unified” peaks, suggesting that the material is
actually a mix of monoclinic and cubic phases. In any case, as shown in the Appendix,
Figure A4, MnPB-LC is broadly alike in structure, appearance and properties to the
MnPB described in Chapter 4.

Figure 5.1: (a) – (c) SEM images and (d) particle size distributions (as measured along nanocube edges in
SEM images) of MnPB-LC, SP-Mn0.76Ni0.24PB and SP-Mn0.46Ni0.54PB. No SEM image is shown for
NiPB-LC, as it could not be synthesized under the conditions used for these materials. 30–50 individual
particles were measured for each material.
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As can be seen from the SEM images (Figure 5.1a – c) and from the particle size analysis
(Figure 5.1d), the particles become smaller with increasing Ni content, an effect that had
previously also been observed for biphasic MnNiPB (see Appendix, Figure A1). This is
consistent with the generally higher nucleation rate of MnPB, which is also reflected in
the fact that the Mn:Ni ratio of both SP-Mn0.46Ni0.54PB and SP-Mn0.76Ni0.24PB is higher
than the Mn:Ni ratios used in their reaction feeds (which were 1:2 and 2:1, respectively).
Smaller particles are often beneficial for capacity and rate capability, but also reduce
volumetric energy density due to their lower packing density [275]. Particle size and
performance must therefore be balanced against one another. However, since sodium-ion
batteries are usually proposed chiefly for stationary energy storage applications where
performance broadly speaking outweighs energy density, the particle size is a less
pressing issue.

Figure 5.2: (a) XRD patterns of single-phase MnNiPB containing two different Mn:Ni ratios along with
NiPB and MnPB-LC for comparison. To minimize the zero-point shift and ensure comparability of peak
shifts, all spectra were recorded consecutively in a single session.
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Figure 5.2 shows the XRD patterns of SP-Mn0.46Ni0.54PB, SP-Mn0.76Ni0.24PB, NiPB and
MnPB-LC. For NiPB, the data from the material obtained using the protocol reported in
Chapter 4 is given. Interestingly, even though they were synthesized under the same
conditions as MnPB-LC, the two mixed materials containing both Mn and Ni do not have
the cubic-like XRD patterns of MnPB-LC, but rather the familiar monoclinic structures
of NiPB and MnPB. In fact, SP-Mn0.46Ni0.54PB is almost identical to NiPB in structure,
with fairly small XRD peak shifts. The peaks of the more Mn-rich SP-Mn0.76Ni0.24PB are
between to those of NiPB and MnPB. The structures of both materials were refined using
the monoclinic structure obtained for NiPB in Chapter 4 as a starting point (Table 5.2 and
Figure 5.3).
The lattice parameters of SP-Mn0.46Ni0.54PB are almost identical to those of NiPB. In
practical terms, this leads to the remarkable conclusion that NiPB is able to accommodate
the replacement of half of its Ni atoms with Mn without significant changes in structure.
SP-Mn0.76Ni0.24PB is closer in structure to MnPB, but nevertheless with a noticeably
contracted lattice.
Table 5.2: Results of Rietveld refinement of the structure of SP-Mn0.46Ni0.54PB and SP-Mn0.76Ni0.24PB, along
with MnPB and NiPB for comparison

a [Å]
b [Å]
c [Å]
β [°]
Vol [Å3]

SP-Mn0.46Ni0.54PB
10.2837
7.4017
7.1148
92.482
541.09

SP-Mn0.76Ni0.24PB
10.5049
7.4472
7.3364
91.696
573.69

NiPB
10.2818
7.370
7.154
92.409
541.62

MnPB
10.5441
7.5167
7.3754
91.646
584.31
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Figure 5.3: Rietveld refinement of (a) SP-Mn0.46Ni0.54PB and (b) SP-Mn0.76Ni0.24PB

XPS analysis of the products showed no evidence of oxidation of the Mn2+, Fe2+ and Ni2+
ions (Figure A5). This is significant, since uncontrolled synthesis of Prussian Blue can
result in significant oxidation of these metal ions (see Chapter 4, Figure 4.6), indicating
that the low-concentration protocol is sufficient to control the nucleation and inhibit
oxidation.
Thermo-gravimetric analysis (TGA), presented in Figure 5.4, shows that the MnNiPBs
synthesized using the low-concentration protocol have very similar crystal water contents
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between 10 – 12% by mass, as quantified by the weight loss at 200 °C. These are slightly
higher than those of the high-concentration, high-citrate protocol reported in Chapter 4,
which had water contents of 6 – 10%. Nevertheless, the water contents are still at
acceptable levels, as the materials have excellent electrochemical stabilities (see below),
validating the use of low concentrations as an alternative way of slowing down the
nucleation rate and achieving the crystallinity traditionally achieved by adding multiple
equivalents of sodium citrate.

Figure 5.4: thermogravimetric analysis of the MnNiPBs synthesized using the low-concentration, lowcitrate protocol described in this work. Because NiPB could not be synthesized under the lowconcentration, low-citrate protocol, the NiPB data collected for the work described in Chapter 4 is given
instead.

As shown in the charge-discharge curves (Figure 5.5a), the capacity of SP-Mn0.76Ni0.24PB
(102 mA h g-1) is only slightly higher than that of SP-Mn0.46Ni0.54PB (97 mA h g-1), even
though its higher Mn-content should allow for a significantly higher capacity (as Mn can
store two electrons per atom in the voltage range used, compared to one electron per atom
for Ni). Its capacity is likely limited by its relatively low Na content (1.17 stoichiometric
units). Even though some additional sodium can be “forced” into the structure in the first
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few discharge cycles (as evidenced by the slight rise in capacity during the first few cycles
in Figure 5.5b), a low initial Na content can also be a sign of lattice defects, which reduces
the overall number of host sites into which Na+ ions can intercalate.
SP-Mn0.46Ni0.54PB, with a capacity retention of 99% after 500 cycles at 100 mA g-1, is
slightly more stable during cycling than SP-Mn0.76Ni0.24PB (86% after 500 cycles),
although both improve greatly upon that of MnPB-LC. The stability of SP-Mn0.76Ni0.24PB
is especially striking considering its high Mn-content; for comparison, the
heterostructured material with a similar Mn-content experiences much more capacity
decay. This is likely due to the homogeneous distribution of Ni in the material, which
alters its structure more than in the heterostructured case (see below). An additional factor
may be that some of the Mn-ions in the structure are simply redox-inactive. Some
attempts were made to increase the Na content of SP-Mn0.76Ni0.24PB by adding nonchelating sodium salts like NaCl to the synthesis. However, this caused a breakdown of
the material’s nanocubic morphology and a significantly decreased capacity and cycling
stability (see Appendix, Figure A6).
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Figure 5.5: (a) charge-discharge curves, (b) cycling performance and (c) coulombic efficiency of singlephase MnNiPB containing two different Mn:Ni ratios along with NiPB and MnPB-LC for comparison. The
error bands in (b) represent standard deviations (n=3–5); error bands are not included in (c) to maintain
readability

The single-phase Mn0.46Ni0.54PB also outperforms its heterostructural equivalent
MnNiPB-4xcit (the subject of Chapter 4), which has a similar chemical composition.
While both materials exhibit highly stable cycling, the heteromaterial does experience
some capacity decay (capacity retention 96.2±1.1% over 500 cycles), while the singlephase material suffers virtually none (capacity retention 99.1±0.9%). More significantly,
its rate capability (Figure 5.6) also outpaces that of MnNiPB-4xcit (Figure 4.15, page 88),
especially at the highest rate tested (8000 mA g-1), where it still delivers a stable capacity
of 67 mA h g-1. At this current density, the cell can be fully charged or discharged in
30 seconds. This improvement is probably due to the material’s smaller particles.
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Figure 5.6: Rate capability of SP-Mn0.46Ni0.54PB and SP-Mn0.76Ni0.24PB, along with MnPB-LC and NiPB
for comparison. NiPB could not be synthesized under low-concentration, low-citrate conditions; the NiPB
data collected for the work described in Chapter 4 is given instead.

All in all, SP-Mn0.46Ni0.54PB is the better option when taking into account capacity,
cycling stability and rate capability and will be the focus for most of the remainder of this
work.
The cycling stability of SP-Mn0.46Ni0.54PB is also visible in the cyclic voltammetry (CV)
scans of the material (Figure 5.7), which displays stable curves after two cycles. Both the
Fe2+/Fe3+ and Mn2+/Mn3+ redox pairs are visible in the graph at 3.45 V and 3.65 V (3.20 V
and 3.50 V during discharge), respectively, the latter being much smaller as the material
contains twice as much iron as manganese. The positions of these peaks are virtually
identical to those of the two-phase MnPB-4xcit of Chapter 4 (in which the MnPB and
NiPB phases were spatially separate from one another), indicating that the presence of
Mn2+ and Ni2+ in each other’s vicinity does not affect their respective redox potentials.
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The stable curves after two cycles also indicate rapid formation of a stable solidelectrolyte interface (SEI).

Figure 5.7: Cyclic voltammetry of SP-Mn0.46Ni0.54PB, recorded against Na/Na+ at 0.1 mV s-1

The homogeneous distribution of the material’s constituent elements, as quantified by
EDS analysis in the transmission electron microscope (TEM), confirms the
predominantly single-phase nature of SP-Mn0.46Ni0.54PB (Figure 5.8b – e). At higher
magnifications, a thin Ni-rich sliver was observed around some of the particles,
representing 0 – 2% of the total thickness (see Appendix, Figure A7). However, the thin
and uneven nature of these Ni-rich layers makes it unlikely that they contribute to the
stability of the material (in Chapter 4, a minimum relative shell thickness of 9% was
required to stabilize the MnPB phase).

121

Chapter 5: The structure and stabilization of Ni-substituted sodium manganese
ferrocyanides

Figure 5.8: (a) darkfield TEM image; (b) – (e) EDS mapping of sodium, manganese, nickel and iron,
respectively; and (f) phase analysis of SP-Mn0.46Ni0.54PB

The vastly improved cycling stability of SP-Mn0.46Ni0.54PB over MnPB is almost
certainly related to its NiPB-like structure. It is plausible that the MnN6 octahedra in these
materials are strained in similar fashion as was proposed for the layered structure in
Chapter 4. The strain is even bigger in magnitude, which is likely the reason for its higher
cycling stability. Although the lattices of SP-Mn0.46Ni0.54PB and MnPB-LC cannot be
compared directly, since they are compositionally very different, analysing the
macrostrain of a hypothetical MnPB phase within SP-Mn0.46Ni0.54PB is still useful for
identifying anisotropies within it. The changes of both the refined unit cell (Table 5.2)
and the individual XRD peaks (Table 5.3) of SP-Mn0.46Ni0.54PB relative to MnPB-LC
show some asymmetry. Strains were calculated only from four peaks, since MnPB-LC
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consists of a mix of cubic and monoclinic phases and several peaks were difficult to
distinguish from their neighbours.
The scale of the strain underscores what is apparent from the XRD patterns and lattice
parameters: SP-Mn0.46Ni0.54PB, despite having nearly equal quantities of Ni and Mn, has
a quasi-NiPB structure. The strains of the individual reflections do display some
anisotropy, although the directionality cannot be determined because most of the peaks
are related to ambiguous reflections. Nevertheless, it is clear that the structure is more
strained in certain directions than in others. This makes plausible that the MnN6 octahedra
are strained in a way that prevents Jahn-Teller distortions during oxidation and reduction.
It may also be that the NiPB structure is inherently highly stable, although the
fundamental origin of NiPB’s electrochemical and structural stability has not been studied
to date.
Table 5.3: Strains for four XRD peaks of SP-Mn0.46Ni0.54PB, relative to MnPB-LC and NiPB
2ϴ [°]

d [Å]

Reflection

Strain relative to MnPB-LC

Strain relative to NiPB

17.11

5.178

(0 1 1) / (2 0 0)

2.9%

0.3%

34.74

2.580

(4 0 0) / (0 2 2)

2.6%

0.0%

42.63

2.119

(2 3 1) / (-4 0 2)

2.1%

-0.3%

53.28

1.718

(4 3 1)

2.6%

0.0%

Ex-operando XRD (Figure 5.9) shows that SP-Mn0.46Ni0.54PB behaves much like the
structurally closely related NiPB: upon de-sodiation (charging), the structure changes
from monoclinic to cubic. After the material is re-sodiated (discharged), it becomes
monoclinic again, although several neighbouring peaks become asymmetric in intensity.
This is most striking for the two directly neighbouring peaks located between 23° and
123

Chapter 5: The structure and stabilization of Ni-substituted sodium manganese
ferrocyanides
25°, as well as the peak pair between 37° and 40°. In the first case, the peak belonging to
the (2 1 1) reflection becomes weaker, while the (0 2 0) peak becomes stronger. In the
second case, the (4 1 1) peak becomes stronger and (0 3 1) peak becomes weaker. These
changes overall suggest that the (h 1 1) become more exposed to the x-ray beam at the
expense of the (0 k l) reflections. Such changes in relative peak intensity indicate the
presence of different preferred crystal orientations, which would expose different facets
to the x-ray beam [276]. This may result from the formation of discrete structural or
compositional inhomogeneities, such as Na-rich pockets within the crystals. It is also
possible that the orientations of some of the Prussian Blue nanocubes change gradually
upon discharging, perhaps in response to the electrical field, or during the re-formation
of the monoclinic phase.

Figure 5.9: Ex-operando XRD patterns of pristine SP-Mn0.46Ni0.54PB, after charging to 4.2 V, and after
discharging back to 2.5 V. * indicates peaks from the aluminium current collector.

After a more extended cycling period of 100 cycles, the peak pairs at 23° – 25°, 37° – 40°
and 48° – 51° appear to meld into single peak (Figure 5.10), suggesting the material’s
permanent transformation into a cubic structure. This is similar to the structural evolution
exhibited by MnPB over the same number of cycles (Chapter 4, Figure 4.13), although
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that was accompanied by a significant deterioration in capacity. SP-Mn0.46Ni0.54PB, in
contrast, exhibits almost no capacity decay over this period. Interestingly, the
compositionally similar heteromaterial MnNiPB-4xcit, which is also highly stable during
cycling, does not exhibit any long-term structural changes at all. It is unclear why the
homogeneous and heterogeneous materials behave so differently, although it appears not
to matter for the purpose of cycling stability, since they are both highly stable. The data
do suggest, however, that the transformation of the initial monoclinic phase of MnPB into
a cubic phase is unrelated to that material’s rapid capacity decay.

Figure 5.10: XRD spectrum of SP-Mn0.46Ni0.54PB after 100 cycles, overlaid onto that of the pristine
material. * denotes peaks from the aluminium current collector

Figure 5.11 shows the results of GITT experiments. Since NiPB-LC cannot be
synthesized, NiPB data obtained for the work in Chapter 4 is again used in its place. The
diffusivity of Na+ in SP-Mn0.46Ni0.54PB is broadly comparable to that in NiPB and MnPB,
except above 3.5 V during the charge step, where NiPB increases sharply and MnPB-LC
decreases. The diffusivity in MnPB-LC, like in its high-concentration counterpart MnPB,
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displays a cusp at ca. 3.55 V where the diffusivity appears to become infinitesimally low,
which is likely an artefact of the coexistence of two phases during the phase transition in
this voltage region.
Surprisingly, the Na+ diffusivity in SP-Mn0.46Ni0.54PB, at 5x10-11 – 2x10-10 cm2 s-1, is
10 – 15 times lower than in the heterostructure MnNiPB-4xcit. The reason for this is
unclear. One contributing factor is likely the higher water content of the
SP-Mn0.46Ni0.54PB structure, which can obstruct Na+ conduction pathways.

Figure 5.11: (a) GITT curves, (b) diffusion coefficient calculated via GITT during discharging and (c)
diffusion coefficients calculated via GITT during charging. The error bands in (b) and (c) represent the
standard deviations (n=5).
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The Randles-Sevcik method, in which the material is subjected to multiple CV scans at a
range of scan speeds (in this case 0.05 mV, 0.1 mV, 0.2 mV and 0.4 mV), was used as an
additional method to quantify the diffusivity. Figure 5.12a shows a graph of the scans.
Plotting the peak currents against the square root of the scan speed (Figure 5.12b) and
calculating the slope yields the diffusion coefficient. Using this technique, diffusion
coefficients of 1.31x10-8 cm2 s-1 and 6.73x10-9 cm2 s-1 during charging (desodiation) and
discharging (sodiation), respectively, are obtained. As with GITT, these numbers are
lower than those obtained for the comparable heterostructure MnNiPB-4xcit, although
the difference is only a factor of around 4. In addition, there is again a significant
discrepancy – up to two orders of magnitude – between diffusivities obtained via CV and
GITT. The probable reason is, as in the previous chapter, the non-stop nature of the CV
technique, which can create large Na+ gradients in the material and inflate the apparent
diffusivity.

Figure 5.12: (a) CV curves of SP-Mn0.46Ni0.54PB at a range of scan speeds and (b) Randles-Sevcik plot of
the peak currents
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5.3

Conclusion and Outlook

In this work, Prussian Blue analogues of the type NaxMnyNiz[Fe(CN)6] (y+z=1) with
homogeneous distributions of Mn and Ni were synthesized and characterized. Because
the use of sodium citrate results in the formation of core-shell particles (as demonstrated
in Chapter 4), this traditional method of controlling the crystallinity of Prussian Blue
cannot be used to create single-phase materials. Instead, the use of very low
concentrations (ca. 25 times lower than that used for the epitaxial core-shell materials)
was used to slow down the particle nucleation. This approach succeeded in producing
spatially homogeneous materials while maintaining crystallinity. Interestingly, the
products, though they had Mn:Ni ratios between 1:1 and 3:1, their structures were more
similar to NiPB than to MnPB.
The single-phase mixed PBAs significantly improved on the electrochemical
performance of both pure MnPB and NiPB. Even the material with an Mn:Ni ratio of ca.
3:1 delivered a stable capacity over 500 cycles (86% retention). Significant improvements
in rate capability were also observed; stable capacities at charge/discharge times of
30 seconds were achieved. The materials even outperformed their dual-phase core-shell
counterparts with equivalent Mn:Ni ratios, likely because the single-phase materials had
NiPB-like structures, representing a much more significant strain and alteration of the
Jahn-Teller dynamics of the MnN6 octahedra. The results also suggest that Mndissolution from the surface is not, on its own, a significant cause of the destabilization
of MnPB, as has been proposed previously, since this material has plenty of surfaceexposed MnPB phase. It is thus more likely that the dissolution of Mn from MnPB during
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cycling is a concurring phenomenon to the Jahn-Teller distortions, not an independent
event.
A drawback of the low-concentration synthesis method is that it lowers the Na content of
the products, limiting the increase in capacity possible by increasing the Mn-content. A
natural follow-up work would thus be to enrich the Na-content of SP-Mn0.76Ni0.24PB,
which has a high theoretical capacity based on its high Mn-content, by experimenting
with various sodium additives, reaction pH or ferrocyanide concentrations.
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6 Quasi-solid polyurethane electrolytes for sodium-metal
batteries
6.1

Introduction

The meteoric rise of sodium-ion batteries in the past decade has aroused much hope in
their eventual commercialization. However, they continue to lag significantly behind
lithium-ion batteries in material cost per unit of energy density. Much research on this
front currently focuses on active materials – developing high-capacity cathode or anode
materials and removing expensive metals like cobalt from their synthesis. These efforts
are yielding gradual but continuous improvements. However, considerable gains in both
energy density and cell cost might also be achievable through changing the electrolyte
configuration – specifically, by replacing the current state of the art, polyolefin separators
wetted with liquid electrolytes, with solid electrolytes. Polyolefin separators are relatively
expensive, making up 20 – 25% of the cost of a LIB or SIB cell [277, 278], in part because
of their complex manufacturing process [279] which involves several mechanical
extrusion steps to create the required porous structure [280, 281]. Solid electrolytes, in
which both the liquid electrolyte and the separator are replaced by a single conductive
material, are not only cheaper, but can also facilitate a significant leap in battery energy
density by making feasible sodium metal anodes (in place of traditional intercalating
anodes made of relatively low-density carbon). Sodium metal has a theoretical capacity
of 1166 mA h g-1; although its practically attainable capacity will be lower, it is still
expected to far exceed that of graphite (~350 mA h g-1), the state-of-the-art anode
material in LIBs. This is thrown into even plainer relief when considering rate capability,
which for graphite is notoriously low especially at high charge/discharge rates [282].
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The implementation of sodium metal anodes is currently impeded by their tendency
towards unstable self-deposition and subsequent dendrite growth, which can cause shortcircuits if the dendrites penetrate through to the positive electrode. For this reason, porous
polyolefin separators, which are highly penetrable to dendrites, are not suitable for use
with sodium metal anodes. Solid electrolytes represent one potential solution to this
problem, since they generally have much stronger mechanical properties and thus are less
dendrite-permeable. Two major classes of solid electrolytes are currently the subject of
widespread research: inorganic electrolytes (usually ceramics and glasses) and polymer
electrolytes. Of the two, polymer electrolytes are the more promising in the immediate
term, since they are cheaper, more easily processed and offer better interfacial contact.
Polymer electrolytes can themselves be grouped into two classes: fully solid polymer
electrolytes (SPEs) containing no liquid phases and gel-polymer electrolytes (GPEs),
which are polymers swollen with a liquid electrolyte. Of the two, SPEs are considered
more promising for the purpose of preventing dendrite growth. However, SPEs do not
currently reliably attain the required room-temperature conductivities to make them
viable for practical applications. Thus, GPEs are a more feasible solution in the mediumterm. In addition to their potential for blocking dendrite growth, they also improve on the
safety of liquid electrolytes by reducing the risk of solvent leakage and flammability. This
is because in GPEs, the polymer and the liquid electrolyte combine to form a single
material.
The majority of GPEs for sodium-ion batteries reported to date are based on
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) [144]. Other polymers
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such as poly(methyl methacrylate) (PMMA), polyacrylonitrile and poly(ethylene oxide)
(PEO) are also occasionally reported. However, polyurethanes, which are promising for
their structural diversity, tailorability and excellent mechanical properties and have been
widely studied for LIBs, have only been studied once in a published work to date. Park et
al. [215] used a commercially available segmented polyurethane containing polyesterbased “soft” blocks and diphenylmethane-base “hard” blocks. The work, which
characterized the solvent-polymer interactions, conductivity, tensile strength and
electrochemical performance, confirmed that polyurethane-based GPEs hold much
potential for SIBs.
The present work focuses on a suite of different polyurethanes, with hard blocks based
on the 4,4′-diisocyanato dicyclohexylmethane (typically abbreviated as H12MDI) moiety
and poly(ethylene glycol) (PEG) hard blocks. Different hard-soft ratios and molecular
weights are compared, as is the effect of chain extenders in the structure. A solventpolymer compatibility screening is undertaken, after which the physico-chemical,
electrochemical and mechanical properties of the most promising candidate GPEs are
characterized. In addition, two classes of polyurethanes are compared: segmented
polyurethanes, which are block copolymers created by polymerizing diisocyanates with
polydiols and chain extenders; and non-segmented polyurethanes, which do not contain
chain-extending units. These two classes of polyurethanes, though widely used in many
fields, have not been the subject of a comparative study as battery electrolyte materials.
This is also the first report of a hot-pressed polyurethane GPE (the only previous work
used a solvent-cast polyurethane). Hot-pressed polymers have certain advantages over
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their solvent-cast counterparts. Solvent-casting often leaves behind solvent residues that
are difficult to fully remove and can artificially alter the conductivity or decompose
during battery operation; this risk is not present for hot-pressed polymer films. Direct
comparisons of otherwise identical hot-pressed and solvent-cast polymers have also
shown that hot-pressed polymers have lower interfacial resistances [283] and are overall
more homogeneous and more conductive [284]. The lack of solvent during processing is
also desirable from an environmental standpoint.
6.2

Materials and Methods

GPE preparation
All polymers were generously provided by Advansource Biomaterials.
Segmented polyurethane films were prepared by hot-pressing. Bulk Hydrothane™ (SPU)
pellets were scattered over an area of baking paper at a density of ca. 1 pellet per 5 cm2.
The pellets were covered with a second sheet of baking paper and pressed into thin, even
sheets at 180 °C and 80 tonnes for 90 seconds, resulting in a smooth, uniform sheet.
Circular disks between 10 mm and 20 mm in diameter were subsequently cut out of the
sheets using a laser cutter.
Liquid electrolytes were prepared in a dry argon atmosphere inside an MBraun glove box.
Two different methods were used to prepare gel polymer electrolytes (GPEs). Segmented
polyurethane (Hydrothane™) GPEs were prepared by immersing polymer disks in liquid
electrolytes for 24 h. Non-segmented polyurethane (Hydromed™) GPEs were prepared
by dropping 2 – 4 drops of liquid electrolyte onto both sides of the polymer disks
immediately before use which was sufficient to cause them to gel.
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Coin cell preparation
Coin cells were prepared as described in Section 3.6.
Conductivity measurements
The ionic conductivity κ is the reciprocal of the ionic resistivity ρ, which in turn is a
function of the distance l across which ions are to be conducted (i.e. electrolyte thickness),
the cross-sectional area A of the electrolyte and the bulk resistance R0 [128]:

𝜅=

1
𝑙
=
𝜌 𝑅0 𝐴

(6.1)

The bulk resistance was determined using symmetrical coin cells consisting of gelled
polymer disk sandwiched between two stainless steel spacers. Because the contributions
of the metal components of the cell to the resistance are negligible, the bulk resistance of
the cell can be taken as the resistance of the GPE. The bulk resistance was determined by
recording potentiostatic electrochemical impedance spectra at 13 frequencies between
100 Hz and 10 kHz and extrapolating the resulting Nyquist plot to the x-axis (Figure 6.1).
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Figure 6.1: example of a Nyquist plot of symmetrical SS|GPE|SS cell at a frequency range of 100 Hz – 100
kHz. The solid blue line represents the linear fit of the plotted points; the Z’ value at Z" = 0 represents the
bulk resistance of the cell.

SEM images
SEM images were obtained on a JEOL JSM-7500FA. All polymer samples were coated
with 15 mm platinum before inserting them into the SEM. Gelled samples were criticalpoint dried before coating.
Tensile testing
The tensile properties of polymer samples were characterized using a Shimadzu EZ tester.
Samples were laser-cut into “dogbones”, consisting of thin strips (5 mm wide) in the
middle and wider sections (10 mm wide) at each end to make it easier to fasten them to
the tensile tester clamps.
Differential mechanical analysis
DMA data was recorded on a NETZSCH DMA 242. Rectangular samples with
dimensions of ca. 5 mm x 20 mm and thicknesses of ca. 120 µm were prepared. The
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samples were cooled to -100 °C using liquid nitrogen and held at this temperature for
15 min before starting the measurements. A strain of 1% and a heating rate of 5 °C/min
were used.
Differential scanning calorimetry and thermogravimetric analysis
Due to instrument limitations, DSC measurements below and above room temperature
were conducted separately. The range -60 to 25 °C was measured on a NETZSCH DSC
204F1 Phoenix at a heating rate of 5 °C/min. The range 25 °C to 180 °C was measured
on Mettler-Toledo TGA/DSC 1 at 3 °C/min.
6.3

Results

The physical, chemical and electrochemical properties of segmented and non-segmented
polyurethanes were investigated and compared in this work. Commercially available
polyurethanes produced by AdvanSource Biomaterials were used: three types of nonsegmented polyurethanes (brand names Hydromed™ D4, Hydromed™ D7 and
Hydromed™ D640) and one type of segmented polyurethane (Hydrothane™).
According to NMR analysis kindly carried out by Dr. Patricia Hayes of the Innovative
Polymer Institute of the University of Wollongong, non-segmented polyurethanes consist
of methylene 4,4′-diisocyanato dicyclohexylmethane (H12MDI) units linked by
polyethylene glycol (PEG) chains of various lengths (Figure 6.2a). The segmented
polyurethane was also based on the H12MDI moiety but contained 1,3-propanediol (PDO)
in addition to PEG, resulting in distinct alternating segments of long PEG-based segments
(“soft” blocks) and short PDO-based segments (“hard blocks”) (Figure 6.2b). It should
be noted that the given numbers of PEG and H12MDI units (m) per segment represent
averages; the materials may contain several different chain lengths.
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Figure 6.2: structural formulas of (a) the three non-segmented polyurethanes and (b) the segmented
polyurethane used in this work

The specific polymers and their structural details are listed in Table 6.1.
Table 6.1: Summary of the four polyurethanes studied in this work

Hydromed™ D4
Hydromed™ D640
Hydromed™ D7

Type of
polyurethane
Non-segmented
Non-segmented
Non-segmented

Hydrothane™

Segmented

Brand name

6.3.1

Mw
124K
85K
15K
150K

m (PEG units per
segment)
8
68
30
12 (“soft” segments)
2 (“hard” segments)

Solvent-polymer compatibility

As a starting point, the compatibility of the four polyurethanes with a range of batterycompatible solvents was surveyed. Circular disks (1 cm in diameter and 100 – 200 µm in
thickness) of these polyurethanes were submerged for 24 h in the following solvents:
tetrahydrofuran (THF), acetonitrile (ACN), dimethoxyethane (DME), diglyme, triglyme,
tetraglyme, propylene carbonate (PC) and 1:1 mixtures of ethylene carbonate (EC) with
propylene carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC) and
ethylmethyl carbonate (EMC). To realistically represent the requirements for battery
electrolytes, all solvents also contained 1 mol l-1 NaClO4.
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The results of the compatibility screening are shown in Table 6.2, with green, yellow and
red shading indicating the formation of free-standing gels, structurally fragile gels, and
polymer dissolution, respectively. As a measure of polarity, the dielectric constants of the
solvents or solvent components are also listed.
Table 6.2: compatibility matrix of four polyurethanes and eleven solvent systems. Polymer samples were
immersed in each solvent for 24 h. All solvents contained 1 M NaClO4. Green shading signifies that the
polymer produces mechanically stable free-standing membranes; yellow shading indicates that the polymer
does not dissolve but is too structurally weak to handle; red shading indicates dissolution of the polymer.
Dielectric constants are taken from [118] except where stated otherwise

Dielectric
constant ε
THF
Acetonitrile
DME
Diglyme
Triglyme
Tetraglyme
PC
1:1 EC:PC
1:1 EC:DEC
1:1 EC:DMC
1:1 EC:EMC

Segmented
Hydrothane

Non-segmented
Hydromed™
Hydromed™
D4
D7

Hydromed™
D640

7.4 [285]
36.8 [286]
7.2
7.4
7.5
7.8 [287]
64.9
89.8 / 64.9
89.8 / 2.8
89.8 / 3.1
89.8 / 3.0

Significant differences in the stability of these polymers when immersed in liquid organic
electrolytes were observed. The segmented polyurethane (SPU) Hydrothane (Figure 6.3a)
is by far the most stable in all solvents: it swells while maintaining its structural integrity
to form free-standing gel-polymer electrolytes (Figure 6.3b). These GPEs remain tough
and stretchable (Figure 6.3c), analogous to their water-swollen hydrogel forms. The nonsegmented polyurethanes (NSPUs) (Figure 6.3d) were much less compatible with the
solvents tested: only in PC and a 1:1 EC:PC mixture did they retain their form to be usable
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as gel electrolytes, and even then as a fragile, sticky and self-adhering gel that was not
easily handled (Figure 6.3e – f). In the remaining solvent systems, the NSPUs dissolved
fully or near-fully.

Figure 6.3: (a) an SPU disk (b) swollen with EC:PC + 1 M NaClO4, (c) the same swollen SPU disk being
stretched, (d) a Hydromed disk (e) swollen with EC:PC + 1 M NaClO4 and (f) the same swollen Hydromed
disk after sandwiched between two stainless steel spacers for conductivity measurement

The “virtual crosslinking” present in SPUs (described in detail in Section 2.4.3.3) is most
likely responsible for their considerably higher stability in organic solvents. The
intermolecular bonding structure of NSPUs is not supplemented by virtual crosslinks and
thus more easily broken up by solvent molecules. Another interesting trend visible in
Table 6.2 is that the solvents in which the NSPUs retained their structure, PC and EC:PC,
are much more polar than the others. This suggests that the intermolecular forces present
in the NSPUs are predominantly van der Waals forces between nonpolar functional
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groups, which are more easily broken up by low-polarity solvents. It also suggests that
interactions between polar functional groups, which are less susceptible to disruption by
low-polarity solvent molecules, play a bigger role in the structure of the SPU, since it is
stable in even the least polar solvents tested.
Given the stability of the SPU in all solvents tested, three solvents were selected for more
detailed study: EC:PC, EC:DMC and EC:DEC. The swelling behaviour of the SPU in
these was studied by measuring the change in both weight and size over time. The gelled
polymers were dabbed dry with a paper towel to remove surplus solvent adhering to the
surface before weighing. Swelling ratios were calculated as follows:

∆𝑚 =

𝑚𝑔𝑒𝑙 − 𝑚0
𝑚0

(6.2)

where mgel and m0 are the mass of the swollen and pristine polymer, respectively. An
analogous swelling ratio based on size was also calculated:

∆𝑑 =

𝑑𝑔𝑒𝑙 − 𝑑0
𝑑0

(6.3)

where dgel and d0 are the diameter of the swollen and pristine polymer, respectively.
Graphs of the weight- and size-swelling ratios over time are shown in Figure 6.4. The
swelling process is slightly faster in EC:DEC and EC:DMC but is complete within
2 hours for all solvents. The degree of swelling is also correlated to the solvent polarity:
the most significant swelling occurs in the least polar solvent (EC:DEC), followed by the
slightly more polar EC:DMC and the considerably more polar EC:PC. In fact, the
EC:DEC-gelled polymer exhibits signs of structural instability: after an initial peak, its
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mass begins to decrease again, which may signal a partial dissolution of its structural
components. The correlation of solvent polarity and swelling ratio echoes the behaviour
of the NSPUs, which are also more stable in more polar solvents. The intermolecular
bonds between low-polarity functional groups, which are predominantly relatively weak
van der Waals forces, are more easily broken up by low-polarity solvent molecules. In
general, interactions between more polar functional groups, especially hydrogen bonds,
are stronger and more resilient, even towards polar solvent molecules [288].

Figure 6.4: swelling ratios of SPU over time, as measured by change in (a) weight and (b) size (i.e.,
diameter). The solid lines are guides for the eye only. The error bars represent standard deviations (n=4).

Thermogravimetric analysis (TGA) of the EC:DEC-swollen GPE provides further
evidence for the weaker physical nature of its polymer network (Figure 6.5). Due to the
safety risks associated with heating NaClO4, the gels were only tested up to 180 °C. All
three GPEs exhibit more weight loss than the pristine SPU over this temperature range,
most likely due to solvent evaporation. However, clear differences are visible: the SPU
samples swollen with EC:PC and EC:DMC exhibit much more gradual solvent
evaporation than that swollen with EC:DEC – even though DMC has a lower boiling
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point than DEC [289] and would be expected to evaporate more quickly. This supports
the hypothesis of a partial breakdown of the EC:DEC-swollen polymer network, which
exposes the solvent and causes it to evaporate more quickly.

Figure 6.5: thermogravimetric analysis (TGA) of pristine SPU and SPU-based GPEs prepared with three
different solvent systems (EC:PC, EC:DMC and EC:DEC)

The electrochemical stability of the GPEs was tested using linear sweep voltammetry
(Figure 6.6a); glass-fibre separators wetted with the corresponding solvents were also
tested as a control group (Figure 6.6b). All three GPEs are very similar to their GFcounterparts and stable between 0 – 5 V. Both the GF and the GPE containing EC:DMC
do exhibit some signs of side-reactions below 1 V, although this may be related to SEI
formation on the Na surface. In addition, although the EC:DEC-swollen GPE does begin
to show hints of decomposition above 4.2 V, the lack of additional oxidation or reduction
peaks compared to the EC:DEC-wetted GF samples suggests that the weakening of the
polymer network alluded to by previous data does not result in electrochemically unstable
dissolution products. In total, these data suggest EC:PC as the most suitable swelling
solvent, as it has both a slightly higher anodic stability limit than the remaining solvents
as well as minimal side-reactions.
142

Chapter 6: Quasi-solid polyurethane electrolytes for sodium-metal batteries

Figure 6.6: linear sweep voltammetry (LSV) graphs of (a) SPU-based GPEs prepared with EC:PC,
EC:DMC and EC:DEC and (b) the same solvents with glass-fibre separators

6.3.2

Conductivity

The conductivities of the GPEs were tested in symmetrical coin cells using stainless steel
blocking electrodes as described in Section 6.2. Although the NSPUs had acceptable
conductivities only 0.5 – 1 orders of magnitude lower than those of SPU, and also
displayed stable cycling in initial electrochemical tests (see Appendix, Figure A8 and
Figure A9), it was decided to focus on the SPUs for the remainder of this work, due to
their superior mechanical properties and ease of handling.
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Arrhenius plots, in which the conductivity is plotted on a logarithmic scale against the
inverse of the temperature, are typically used to evaluate the temperature dependence of
conductivity. Linear plots suggest classic Arrhenius behaviour, in which the movement
of ions between coordination sites is solely a function of temperature. In general, the
conductivites of most concentrated nonaqueous liquid electrolytes are non-Arrhenius
with respect to temperature [197]. In GPEs, where ions may also be conducted via
polymer chains in addition to the liquid phase [146-148], the complex nature of ion
conduction involving chain relaxation and the formation of “free volume” through which
ions can move, can also contribute to the deviation from Arrhenius behaviour [136].

Figure 6.7: conductivity of (a) glass fibre and (b) segmented polyurethane wetted or gelled with 1 M
solutions of NaClO4 in EC:PC, EC:DMC and EC:DEC liquid electrolytes.

Arrhenius plots for glass fibre (GF) separators wetted with EC:PC, EC:DMC and
EC:DEC, as well as SPU disks gelled with the same, are shown in Figure 6.7a – b. For
ease of comparison, the scales of the y-axes are kept uniform, although this makes the
nonlinearity more difficult to discern; all plots are weakly curved. All GPEs also exhibit
lower conductivities than the corresponding glass fiber (GF) separators, which is to be
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expected given the lower degree of freedom charge carriers have to move within polymer
networks as compared to the highly porous GF separators.
Interestingly, the conductivity of the EC:DEC-based GPE increases much faster with
increased temperature than the other GPEs. This fits well with the TGA data, which
suggested a higher proportion of free solvent and a faster rate of polymer breakdown of
the EC:DEC-based GPE upon heating.
6.3.3

Physical and mechanical properties

As detailed in Section 2.4.3, a number of mechanical properties of polymer electrolytes
are relevant for battery performance and safety, most commonly the glass transition
temperature, tensile strength, Young’s modulus and shear modulus. These four properties
were evaluated as part of this work.
The glass transition temperature (Tg) is most commonly determined via differential
scanning calorimetry (DSC). However, the DSC data of the SPU GPEs did not show a
clear Tg peak in the temperature range scanned (Figure 6.8), indicating either that the Tg
lies outside this temperature range, or that the polymer is highly amorphous and the glass
transition too subtle to register in the heat flow. (The valleys at -23 °C and 10 °C in the
EC:DMC-swollen GPE are from the melting of the DMC solvent component [289]). The
difficulty of determining the Tg of polyurethanes via DSC has been reported before [290];
in such cases, the material in question generally still undergoes a glass transition, but one
too subtle or too gradual to be registered by measuring changes in the heat flow. Data
from dynamic mechanical analysis (DMA), which measures material stiffness over a
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temperature range and can thus detect the softening associated with glass transitions
directly, was more conclusive (see below).

Figure 6.8: differential scanning calorimetry plot of segmented polyurethane swollen with various liquid
electrolytes (a) below and (b) above room temperature

The tensile properties of the GPEs were measured by stretching them up to their point of
failure while continuously measuring the stress. Representative stress-strain curves for
each material are plotted in Figure 6.9a. Three useful properties can be extracted from
these curves: the ultimate tensile strength (the stress at the breaking point of the material),
the maximum elongation (strain at breaking point) and the elastic modulus (the ratio of
stress to strain during stretching, which represents a measure of stiffness). 3 – 5 curves
were recorded for each material; parameters obtained from averaging the results of each
material are given in Table 6.3. Because the curves are not perfectly linear, the elastic
modulus was calculated in three defined regions: at low strain (from 0% to 25% strain),
at moderate strain (from 0.4 to 0.6 times the maximum strain) and at high strain (from 0.8
times the maximum strain to the maximum strain). Typical curves (representing the
medians) of each material are shown in Figure 6.9a. Each curve is reproduced on its own
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set of axes in Figure 6.9c – f with the elastic moduli (i.e., the slope) annotated for the predefined low, moderate and high-stress regions.
All GPEs have lower tensile strengths than solvent-free pristine SPU, but clear
differences are visible (Figure 6.9b). The EC:DMC-based GPE displays the highest
tensile strength, followed by EC:PC and EC:DEC. The elastic moduli follow a slightly
different trend (Figure 6.9c – f): while the pristine SPU has a higher modulus than all its
gelled counterparts and the EC:DEC-based GPE the lowest, at low stress the EC:PCbased GPE outperforms the EC:DMC-based GPE. However, the modulus of the EC:PCbased gel also decreases continuously as it is stretched, while those of the other materials
increase again at high strains. In practice, a separator or polymer electrolyte is likely to
be exposed to no more than “low” stress (as defined herein) during routine use.

Figure 6.9: (a) stress-strain curves of SPU with various swelling agents, (b) ultimate tensile strengths of
pristine and solvent-swollen SPU (error bars represent standard deviations, n=3), (c) – (f) the same stressstrain curves as in panel a with slopes (elastic moduli) shown in three different strain regions. *: all
swelling agents also contained 1 mol l-1 NaClO4
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Table 6.3: tensile strength, elongation and elastic moduli of pristine and solvent-swollen SPU. All solvents
also contained 1 M NaClO4. The low, moderate and high strain regions are defined as 0 – 25% strain,
0.4 – 0.6 times the maximum strain, and 0.8 – 1 times the maximum strain, respectively. The uncertainties
represent standard deviations (n=3–5)
Swelling
agent
None
EC:PC
EC:DMC
EC:DEC

Ultimate tensile
strength
41.2 ± 4.2 MPa
5.9 ± 0.7 MPa
11.9 ± 2.7 MPa
1.5 ± 0.3 MPa

Elongation
at failure
999 ± 85%
430 ± 61%
887 ± 79%
451 ± 99%

Elastic modulus
at low strain
7.7 ± 1.3 MPa
2.6 ± 0.3 MPa
1.5 ± 0.3 MPa
0.5 ± 0.1 MPa

Elastic modulus at
moderate strain
3.6 ± 0.3 MPa
1.3 ± 0.1 MPa
1.1 ± 0.3 MPa
0.4 ± 0.1 MPa

Elastic modulus
at high strain
6.6 ± 0.7 MPa
1.0 ± 0.1 MPa
1.8 ± 0.5 MPa
0.6 ± 0.1 MPa

The evolution of the viscoelastic properties of the GPEs from -100 to 100 °C were
measured via dynamic mechanical analysis (DMA). Figure 6.10 shows the storage and
loss moduli (elastic and viscous components, respectively, of the stress response to an
oscillating strain) and tan δ (equivalent to the ratio of the storage modulus E' and loss
modulus E'') of these measurements. tan δ, also known as the loss factor, is a measure of
the relative contributions of the material’s elastic and viscous components to its
mechanical behavior. Peaks in tan δ plots are indicative of glass transitions; the method
can thus be used to determine the Tg. In the pristine material, tan δ peaks occur at ca.
45 °C and 120 °C, indicating separate glass transitions in the soft and hard segments,
respectively [291-293]. Interestingly, in the gelled materials, these transitions are broader
and shifted to lower temperatures: ca. 10 °C / 70 °C for EC:PC and 30 °C / 90 °C for
EC:DMC, respectively. The presence of solvents likely partially disrupts the hydrogen
bonding structure in the SPU and promotes mixing of the hard and soft segments, which
increases the amorphicity and both lowers and broadens the Tg of both. The shoulder
visible in the tan δ plot of the EC:DMC-gelled SPU is probably a result of the thawing
and melting of the dimethyl carbonate present in the solvent phase.
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The obtained Tg values are higher than those usually reported for polyurethanes, which
are usually in the range of -100 – -50 °C (soft segments) to 60 – 120 °C (hard segments)
[294, 295]. The high Tgs of the SPU can indicate a high proportion of hard segments, or
the presence of particularly long hard segments, which facilitates their mixing with the
soft segments and raises the Tg of both [293]. These relatively high Tgs also suggest that
ion transport in the GPEs occur predominantly in the liquid phase, since the stiff nature
of polymers in the glass state usually precludes ion conduction.
Because DMA measures the polymer stiffness under dynamic conditions (i.e., under an
oscillating stress) the resulting values are not directly comparable to those obtained via
tensile stretching described above, which more closely resembles the conditions likely a
battery GPE is likely to be subjected to. Nevertheless, the dynamic moduli can still give
useful information on the temperature dependence of the elasticity. In all three materials,
both pristine and gelled, the storage moduli E' are around 1 – 5 GPa in the glass state (i.e.,
below the Tg) and much higher than the loss moduli E'', indicating they are mostly elastic.
After the first glass transition, the E' values drop by ca. 2 orders of magnitude to
10 – 50 MPa and viscous behavior becomes more significant. In pristine SPU tan δ is
below 1 at room temperature, indicating it is still more elastic than viscous. In both GPEs,
however, it is well above 1 — almost certainly due to the presence of the liquid phase,
which is overwhelmingly viscous.
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Figure 6.10: results of differential mechanical analysis of (a) pristine SPU, (b) SPU swollen with EC:PC
+ 1 M NaClO4 and (c) SPU swollen with EC:DMC + 1 M NaClO4
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6.3.4

Electrochemical performance

To function as an electrolyte for sodium-metal batteries, the GPEs must permit stable Na
deposition from the electrolyte onto the Na foil, as well as stable Na stripping from the
same. While the deposition of sodium onto itself is a complex and not readily
characterizable process, the overall electrochemical stability of the GPE against the SPU
during this process can be probed via cyclic voltammetry (CV). CV using Na metal as
counter-electrodes did show reversible deposition of sodium (Figure 6.11). Although
more work is necessary to characterize the sodium-GPE interactions and SEI, these
results, together with the LSV data shown previously, are promising and indicate the
stability of the GPEs in the voltage range required for sodium-metal battery operation.

Figure 6.11: Cyclic voltammetry sweeps of SPU gelled with (a) EC:PC and (b) EC:DMC, showing Na
plating and stripping peaks at ca. -0.4 V and 0.2 V, respectively.

The performance of the GPEs was subsequently tested in coin cells. The Prussian Blue
material described in Chapter 4 was used as the cathode and sodium metal as the anode.
Because the EC:PC and EC:DMC-swollen GPEs are clearly superior over the EC:DECswollen one in their overall physical properties as detailed in the previous section, it was
decided to focus on these for the remainder of this work.
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Figure 6.12 shows the rate capabilities of coin cells containing these two GPEs, along
with the respective glass fibre data for comparison. Because of the similar performance,
they are plotted separately for clarity. For both gelling agents, the cells containing glass
fibre separators outperform those containing GPEs (although within the margin of error
for EC:PC). This is unsurprising, given the higher porosity of GPEs and their slightly
higher conductivity when wetted with liquid electrolytes. Nevertheless, the SPU-based
GPEs are competitive at all current levels and allow nearly full exploitation of the rate
capability of MnNiPB-4xcit.

Figure 6.12: rate capability of Na/MnNiPB-4xcit coin cells containing glass fibre separators and SPU
GPEs wetted or swollen with (a) EC:PC + 1 M NaClO4 and (b) EC:DMC + 1 M NaClO4. All electrolytes
also contained 2% fluoroethylene carbonate.

Coin cells containing both EC:PC-based and EC:DMC-based GPEs also exhibited stable
long-term cycling comparable to that of GF-based cells (Figure 6.13a–b). Due to limited
equipment availability and the long duration of these tests, only one coin cell was tested
for each sample. Figure 6.13c–d displays SEM images of the cross-sections of the two
GPEs after 1500 cycles, with the side that faced the Na electrode labelled. The images
were recorded after critical-point drying the gels. Both GPEs show evidence of significant
degradation: the cracks appearing along the cross-section may indicate the gradual
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advance of dendrites into the gel. Unfortunately, these polymers are extremely sensitive
to the electron beam current and required a platinum coating to enable imaging. For this
reason, EDS analysis of the surface, which could have shown whether a concentration of
sodium in the cracks was present and supported (or refuted) the formation of dendrites,
was not feasible.

Figure 6.13: (a) – (b) long-term cycling at 100 mA g-1 (based on the amount of active material in the
electrode) of Na/MnNiPB-4xcit coin cells containing glass fibre separators and SPU GPEs wetted or
swollen with EC:PC + 1 M NaClO4 and EC:DMC + 1 M NaClO4, respectively. All electrolytes also
contained 2% FEC. (c) – d) SEM images of cross sections of EC:PC-swollen and EC:DMC-swollen GPEs
after 1500 cycles. The label “Na side” refers to the side that faced the Na electrode during cycling.

A standard method of testing a battery separator’s susceptibility to dendrite-induced
short-circuiting is by constructing symmetrical Na|electrolyte|Na coin cells and cycling
them at constant currents. A short-circuit event (i.e., a Na dendrite penetrating to the
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opposite electrode, or two dendrites meeting) leads to the cell voltage dropping suddenly
to near zero. Figure 6.14 shows the voltage response of Na|electrolyte|Na cells containing
SPU and two commercial separators (glass fibre and Celgard) swollen or wetted with a
1 M solution of NaClO4 in EC:PC or EC:DMC. The thickness of each separator or GPE
sample is included in the legend, due to the direct effect of this property on the dendrite
penetration time.
Because the morphology of GF and Celgard separators is not affected by the presence of
solvents, their dendrite penetrability is largely independent of the type of solvent used: a
GF separator wetted with EC:DMC (see Appendix, Figure A10) had a similar shortcircuit time to EC:PC. Because EC:PC does not sufficiently wet Celgard separators (due
to the high polarity of PC and the low polarity of Celgard, a polyethylene-polypropylene
nonwoven), the Celgard separator was tested only with an EC:DMC-based electrolyte.
Both Celgard and GF are quite prone to short-circuiting, although it should be noted that
the Celgard separator is much thinner (25 µm) than the other materials. Indeed, a
symmetrical coin cell containing four Celgard separators stacked on top of one another
(for a total thickness of 100 µm) exhibited stable cycling throughout the test (see
Appendix, Figure A11), although this stacked separator configuration is not directly
comparable to a single 100 µm material, as the advance of the dendrites can be inhibited
by having to consecutively penetrate each layer anew.
The two GPEs were more resistant to dendrite-induced short-circuiting. In contrast to
porous commercial separators, the nanomorphology of polymers when gelled can be
significantly affected by the choice of gelling solvent, especially in regard to porosity,
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liquid uptake and mechanical properties. This in turn may alter their susceptibility to
dendrite penetration. Indeed, the EC:PC-swollen GPE remained free from short-circuits
for the entire duration of the test, while the EC:DMC-swollen GPE began to experience
momentary short-circuits after around 25 h and more permanent short-circuits after
around 60 h. Interestingly, these short-circuits appear to “heal” temporarily: the cell
manages to re-attain its normal voltage of around 0.2 V soon after dropping to zero; even
the longer short-circuit at 60 h is broken again after around 20 h. These “healing” events
may be related to the strength of the polymer network’s hydrogen bonds, which allows
them to easily re-form after being disrupted, breaking the dendrite in the process.

Figure 6.14: Galvanostatic cycling of Na|electrolyte|Na cells. Currents of -0.1 mA and 0.1 mA were applied
for 3 hours each. All liquid electrolytes also contained 1 M NaClO4 and 2% FEC.
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The stability of the interfaces between the EC:PC-swollen GPE and the electrode during
cycling was tracked by recording impedance spectra at regular intervals (Figure 6.15a);
equivalent data was collected for a cell containing EC:PC-wetted GF (Figure 6.15b). The
size of the semicircle produced at high frequencies represents the charge-transfer
resistance [254, 296] — the cell’s resistance to oxidation or reduction, which is influenced
in large part by interfacial parameters like the interfacial contact and the conductivity of
the SEI layers [297, 298]. It can therefore be used as a proxy metric to track SEI formation
[299]. The charge-transfer resistance of both the GPE and GF-containing cell drops by
almost one order of magnitude to ca. 500 Ω after a few cycles and remains at this value
thereafter. However, in the GPE-cell, this occurs much more quickly, which may indicate
that the GPE facilitates a more complete interfacial contact, which in turn would promote
rapid SEI formation on the entire electrode surface.

Figure 6.15: Nyquist plots of electrochemical impedance spectra recorded with coin cells containing (a)
EC:PC-swollen SPU and (b) EC:PC-wetted glass fibre during cycling. All measurements were performed
after discharging the cell to 2.5 V and resting for at least 2 hours. The electrolytes contained 1 M NaClO4
and 2% FEC.
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6.4

Conclusion & Outlook

In this work, the suitability of two types of polyurethanes, segmented and non-segmented
polyurethanes (SPUs and NSPUs, respectively), as gel-polymer electrolytes for sodiumion batteries was tested. The SPU displayed superior conductivity and, more importantly,
formed free-standing, quasi-solid gels. The SPU-based GPEs were then optimized by
comparing three liquid electrolytes as gelling liquids: 1 M solutions of NaClO4 in 1:1
mixtures of EC:PC, EC:DMC and EC:DEC. The EC:PC and EC:DMC-gelled SPUs
displayed far better mechanical properties than the EC:DEC-gelled one, with ultimate
tensile strengths of 5.9, 11.9 and 1.5 MPa and elastic moduli of 2.6, 1.5 and 0.5 MPa,
respectively. Both were also found to have significantly lower glass transition
temperatures than the pristine, solvent-free material. Finally, the EC:PC and EC:DMCswollen SPUs were tested as electrolytes in sodium-metal battery coin cells using the
Prussian Blue material described in the previous chapter as the cathode. The resulting
coin cells displayed stable cycling for at least 1500 cycles and exhibited almost
comparable rate capabilities to benchmark coin cells containing glass fibre separators.
Electrochemical impedance spectroscopy suggested that the EC:PC-swollen SPU
facilitated the formation of a stable SEI: the charge-transfer resistance decreased to a
stable value after only one cycle, while the GF-containing cell required around 10 cycles
to achieve the same. Lastly, the GPEs’ resistance to short-circuiting was characterized by
cycling symmetrical Na|GPE|Na cells. The EC:PC-swollen SPU displayed a higher
resistance to dendrite-induced short-circuiting than commercial polyolefin and glass-fibre
separators. The cell containing the EC:DMC-swollen SPU short-circuited was somewhat
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more susceptible to short-circuiting, which may be due to its higher porosity and higher
proportion of liquid solvent.
SEM images of the polymer cross-sections after 1500 cycles showed signs of potential
chemical instability or of the penetration of Na-dendrites. While 1500 cycles is
nonetheless a respectable life span for a battery cell, short-circuiting may become a more
pressing problem when larger sample sizes are used. In addition, though LSV and CV
data indicated the stability of the GPEs from -0.5 to 5 V, these methods can obscure small
but significant parasitic reactions that result in the gradual decomposition of the polymer
electrolyte or the electrode surface. A future work should therefore be to characterize the
evolution of the solid-electrolyte interphase on both sides of the GPE and on the Na
surface.
As is often the case with the co-optimization of physical and electrochemical properties,
the correlated nature of the electrolyte properties evaluated in this work means that their
optimization requires trade-offs. The most prominent example of this is that a high solvent
uptake favours higher conductivities but is also associated with a lower mechanical
strength. Accordingly, the conductivity of the GPEs increases in the order EC:DMC <
EC:PC < EC:DEC. The tensile strength displays the opposite trend. Holistically, both
EC:DMC and EC:PC are suitable swelling agents for the segmented polyurethane used
in this work, although EC:PC was somewhat more promising due to its GPE’s higher
resistance to dendrite-induced short-circuiting than the EC:DMC one. Nevertheless, more
work is needed to explore the GPE’s properties and its resistance to dendrite penetration,
for instance by tracking the advance of Na dendrites into the GPE structure via in158

Chapter 6: Quasi-solid polyurethane electrolytes for sodium-metal batteries

operando microscopy. It would also be worth undertaking efforts to improve their
dendrite resistance, such as by crosslinking the polymer to create a tighter polymer
network.
Another potential avenue for follow-up work is the preparation of solid-polymer
electrolytes (SPEs) based on these polyurethanes. Although the glass transition
temperatures of the SPU are likely too high to allow solid-state ion conduction (and
indeed, preliminary tests of both NSPUs and SPUs containing embedded NaClO4 showed
no measurable conductivity), experimenting with additives, different salts and salt
concentrations, or crosslinking may lower it significantly.
It would also be interesting to investigate the reason for the voltage behaviour of the
symmetrical Na|electrolyte|Na cells during cycling. If the polymer network does indeed
undergo self-healing after momentary short-circuits, this might be exploitable to
minimize the heating often associated with short-circuiting of full cells.
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7 Conclusions and Outlook
7.1

Conclusions

In this thesis, a range of Prussian Blue analogues were investigated and optimized and
subsequently used as prototypical cathode materials in sodium-metal batteries using
polyurethane quasi-solid gel polymer electrolytes.
In Chapter 4, epitaxial growth of sodium nickel ferrocyanide (NiPB) on sodium
manganese ferrocyanide (MnPB) crystals was studied. It was found that a thin epitaxial
topical layer of NiPB constituting approximately one tenth the thickness of an MnPB
particle is sufficient to fully stabilize it during charging and discharging. The stabilizing
effect is highly dependent on the relative, rather than absolute, thickness, suggesting that
its mechanism of action involves more than merely protecting the MnPB surface from
chemical attack. The coupling of the MnPB and NiPB lattices was found to result in their
being contracted and expanded, respectively. Though these strains were not large, they
were highly anisotropic, which represents the most likely mechanism by which the MnPB
phase is stabilized: anisotropic contractions of the MnN6 octahedra may well counteract
the structurally debilitating Jahn-Teller distortions they undergo during oxidation and
reduction. The fact that Prussian Blue with homogeneous spatial distributions of Mn and
Ni, as described in Chapter 5, is equally as or more stable than the MnPB@NiPB coreshell configuration lends further support for the hypothesis that the NiPB outer layer lends
not only surficial but also structural stability to the MnPB core.
A key accomplishment of this work is the development of a single-pot synthesis to
fabricate core-shell materials, which relies on the differential binding strength of sodium
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citrate to manganese and nickel. Core-shell materials are popular in the academic
literature, but almost always require multi-step procedures, which limits the scope for
their application outside the laboratory.
In Chapter 5, the insights gained were applied to develop a method to fabricate
homogeneous, single-phase versions of these core-shell materials. The central challenge
herein was that slowing down the nucleation of Prussian Blue is crucial for creating
crystalline materials with low crystal water content, but the use of chemical chelating
agents as nucleation inhibitors inherently creates heterostructures. The preparation of
crystalline Prussian Blue in which multiple metal ions are homogeneously distributed
thus requires a way to slow down the nucleation of NiPB and MnPB in equal proportions.
This was done by decreasing the concentration of the reaction feed by a factor of 25
reducing the citrate content to a single equivalent. This was sufficient in preserving both
crystallinity and spatial homogeneity. All single-phase mixed-metal materials tested
exhibited minimal capacity decay, even outperforming the already quite stable core-shell
materials from Chapter 4. The presence of even relatively minor proportions of Ni was
found to have significant effects on the lattice structure: even the product containing twice
as much Mn as Ni still was structurally more similar to NiPB than to MnPB, and was
reasonably stable during cycling. For comparison, a core-shell material from Chapter 4
with similar overall Ni:Mn ratios exhibited pronounced rapid capacity decay during
cycling. Overall, considering both capacity and long-term cycling stability, roughly equal
quantities of Mn and Ni resulted in the best performance. In addition to this material’s
excellent stability, its rate capability stood out in particular: at the highest current tested,
it could be fully charged or discharged in around 30 seconds.
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The results are partially at odds with those reported by Chen et al in 2016 [68], which
displayed similar levels of stabilization with only minimal Ni contents. It is unclear what
accounts for this discrepancy. However, since the morphologies of the materials
described in that report were not characterized in detail, it is not certain how similar they
are to those described in the present thesis. It is also probable that other mixed-metal
Prussian Blue analogues described in the literature that were synthesized using chelating
agents, which have always been described as homogeneous, are in fact also core-shell
materials.
Finally, in Chapter 6, the most promising of the developed materials was used as the
cathode active material in sodium-metal batteries containing polyurethane gel
electrolytes. In this work, segmented thermoplastic polyurethanes were established as a
superior choice over standard non-segmented polyurethanes due to their higher stability
in traditional battery solvents, probably due to the higher degree of intermolecular
bonding between polymer chains. The effect of a range of solvent systems on the
mechanical and electrochemical properties of these gel-polymer electrolytes was
compared. Polyurethane gelled with mixtures of ethylene carbonate with either propylene
carbonate or dimethyl carbonate had suitable mechanical strengths, good electrochemical
stability, and improved upon the dendrite resistance of state-of-the-art commercial
separator materials like glass fibre and polyolefin.
7.2

Outlook

Despite the homogeneous mixed-metal Prussian Blue’s improvements over the core-shell
materials, the latter are probably still a more realistic practical option, due to the much
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higher concentration and yield of the synthesis. A disadvantage is the relatively poor atom
economy of the method, although it might be improved considerably by reusing the
chelating agent, which is not consumed during the reaction, in consecutive syntheses.
The one-pot synthesis of core-shell materials relying on the citrate anion’s uneven
chelation strength toward Ni2+ and Mn2+ is likely also applicable for other pairs transition
metals ions. Prussian Blue analogues containing Mn, Fe, Co, Ni and Cu all have
theoretically compatible lattices; a natural extension of this work would thus be to explore
the reactivity of mixtures of these ions when chelated with sodium citrate (or other
chelating agents). If the difference in chelation strength is sufficiently pronounced, such
syntheses should produce self-assembled heterostructures; otherwise, they would be
expected to result in crystalline single-phase materials, which, as demonstrated in
Chapter 5 of this work, can also offer excellent, and potentially better, performance. In
the same vein, the reduced-concentration approach for preparing single-phase materials
can also be explored with other ion pairs, although the lower sodium contents of that this
synthesis produces needs to be improved. One starting point for this might be adding
sodium salts to the reaction, although this creates more waste can have complex effects
on the morphology, composition and performance. It would therefore be worth also
experimenting with other, non-chemical ways of slowing down Prussian Blue nucleation,
such as lower temperatures.
The proposed mechanism of stabilization of MnPB; according to which its MnN6
octahedra are anisotropically strained, and its destabilizing Jahn-Teller distortions
disrupted, by the presence of an epitaxial NiPB phase; should be validated by modelling.
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This could involve calculating the Mn-N bond lengths in the core-shell structure to
precisely identify the spatial nature of the anisotropic strain. The effect of the altered bond
lengths on the orbital dynamics and Jahn-Teller distortions could also be modelled.
The polyurethane-based gel-polymer electrolyte, although its properties are promising,
need to be further characterized. Its behaviour towards dendrite growth and piercing
should be studied in detail, ideally using in-operando microscopy. There is also scope for
further optimization: crosslinking, reducing the solvent content, or even fabricating
solvent-free all-solid electrolytes are worthwhile avenues to pursue.
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Figure A1: SEM images of (a) Na1.34Mn[Fe(CN)6] · 1.5 H2O, (b) Na1.25Mn0.91Ni0.09[Fe(CN)] · 1.2 H2O, (c)
Na1.20Mn0.71Ni0.29[Fe(CN)] · 1.0

H2O,

(d)

Na1.37Mn0.46Ni0.54[Fe(CN)] · 0.7

H2O,

(e)

Na1.41Ni[Fe(CN)6] · 1.3 H2O; synthesized with 4 equivalents of sodium citrate and using Mn:Ni ratios of
1:0, 2:1, 1:1, 1:2 and 0:1, respectively. (f) box-and-whisker plot of the particle sizes of these materials.
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Figure A2: (a) XRD spectra and closeups of NiPB-4xcit, CoPB-4xcit, and FeNiPB composites synthesized
with 4 and 6 equivalents of sodium citrate; (b) rate capability of the CoNiPB composite, NiPB and CoPB,
each synthesized with 6 equivalents of sodium citrate; and (c) cycling performance of the CoNiPB
composite, NiPB and CoPB, each synthesized with 6 equivalents of sodium citrate. Co:Ni ratios of 2:1 were
used to prepare the composite materials; synthesis conditions were otherwise identical to those described
in Section 4.2.1.
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Figure A3: (a) XRD spectra and closeups of NiPB-6xcit, FePB-6xcit, and FeNiPB composites synthesized
with varying quantities of sodium citrate; (b) rate capability of NiPB-6xcit, FePB-6xcit and FeNiPB -6xcit;
(c) cycling performance of NiPB, FePB and FeNiPB -6xcit; and (d) Fe2p XPS scan of FeNiPB-6xcit and
FePB-6xcit, showing the greater extent of oxidation of Fe in the latter. Fe:Ni ratios of 2:1 were used to
prepare the composite materials; synthesis conditions were otherwise identical to those described in
Section 4.2.1.
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Figure A4: (a) XRD pattern of MnPB-LC (synthesized at low concentration and low citrate content)
overlaid onto that of standard MnPB, (b) SEM image of MnPB-LC, (c) cycling data of MnPB-LC and
MnPB, and (d) rate capability of MnPB-LC and MnPB
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Figure A5: X-ray photoelectron (XPS) spectra of MnPB-LC, SP SP-Mn0.46Ni0.54PB and SP-Mn0.76Ni0.24PB

Figure A6: (a) SEM image and (b) cycling data of SP-Mn0.76Ni0.24PB synthesized with 0.41 mol l-1 NaCl
added to the reaction feed
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Figure A7: (a) TEM image; (b) – (e) EDS mapping of sodium, manganese, iron and nickel, respectively;
(f) – (g) spatial distribution of two identified phases via phase analysis of SP-Mn0.46Ni0.54PB

Figure A8: Arrhenius plots of the conductivity of three Hydromed formulations gelled with EC:PC + 1 M
NaClO4.
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Figure A9: Cycling data of non-segmented polyurethane-based gel-polymer electrolytes

Figure A10: Galvanostatic cycling of a Na|GPE|Na cell. The GPE was a SPU disk swollen with EC:DMC
+ 1 NaClO4.
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Figure A11: Galvanostatic cycling of a Na|separator|Na cell. The separator was four Celgard disks (a PPPE composite) stacked on top of one another and wetted with EC:DMC + 1 NaClO4.
Table S1: ICP data for NiPB, MnPB, and MnNiPB synthesized at a constant Mn:Ni ratio of 1:2 and varying
equivalents of sodium citrate

Material

NiPB
NiPB
NiPB
MnPB
MnPB
MnPB
MnNiPB-0xcit
MnNiPB-0xcit
MnNiPB-0xcit
MnNiPB-0xcit
MnNiPB-2xcit
MnNiPB-2xcit
MnNiPB-2xcit
MnNiPB-2xcit
MnNiPB-4xcit
MnNiPB-4xcit
MnNiPB-4xcit
MnNiPB-4xcit
MnNiPB-6xcit
MnNiPB-6xcit
MnNiPB-6xcit
MnNiPB-6xcit

Element

Concentration of
element in analyte
[mg l-1]

Concentration
of element in
analyte [mol l-1]

Stoichiometry

Fe
Na
Ni
Fe
Mn
Na
Fe
Mn
Na
Ni
Fe
Mn
Na
Ni
Fe
Mn
Na
Ni
Fe
Mn
Na
Ni

0.4641
0.2850
0.5160
4.1466
4.0235
2.2548
0.4678
0.1753
0.2631
0.2660
4.6178
2.0588
2.8461
2.9870
6.1331
2.9381
3.6255
3.6241
3.2405
2.6938
1.9310
0.7973

0.0083
0.0124
0.0088
0.0742
0.0732
0.0981
0.0084
0.0032
0.0114
0.0045
0.0827
0.0375
0.1238
0.0509
0.1098
0.0535
0.1577
0.0617
0.0580
0.0490
0.0840
0.0136

0.94
1.41
1.00
1.01
1.00
1.34
1.08
0.41
1.21
0.59
0.94
0.42
1.50
0.58
0.95
0.46
1.37
0.54
0.93
0.78
1.45
0.22
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Table S2: ICP data for SP-Mn0.46Ni0.54PB, SP Mn0.76Ni0.24PB and MnPB-LC

Element

Concentration of
element in analyte
[mg l-1]

Concentration of
element in analyte
[mol l-1]

Stoichiometry

SP-Mn0.46Ni0.54PB

Fe

2.39251

0.0428

1.02

SP-Mn0.46Ni0.54PB

Mn

1.05748

0.0192

0.46

SP-Mn0.46Ni0.54PB

Na

1.15424

0.0502

1.19

SP-Mn0.46Ni0.54PB

Ni

1.34333

0.0229

0.54

SP-Mn0.76Ni0.24PB

Fe

4.89437

0.0876

0.93

SP-Mn0.76Ni0.24PB

Mn

3.91253

0.0712

0.76

SP-Mn0.76Ni0.24PB

Na

2.53655

0.1103

1.17

SP-Mn0.76Ni0.24PB

Material

Ni

1.34128

0.0229

0.24

MnPB-LC

Fe

4.85004

0.0868

1.01

MnPB-LC

Mn

4.74066

0.0863

1.00

MnPB-LC

Na

1.76674

0.0768

0.89
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